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Chapter  1 


Project  Overview 


Asphalt  Rubber  Research  Study 


Gary  L.  Anderton,  Gary  L.  Cooper,  Kent  R.  Hansen 


PREFACE 


This  study  was  directed  by  the  Geotechnical  Laboratory  (CL)  .  US  Army 
Engineer  Waterways  Experiment  Station  (WES),  Vicksburg.  MS,  lor  the  US  Army 
Corps  of  Engineers  (USAGE)  under  the  Construction  Productivity  Advancement 
Research  (CPAR)  Program.  The  work  was  conducted  Iron!  October  iS»H4  to  Februa 
1992  under  the  project  entitled  "Asphalt  Rubber  "  The  USAGE  Technical  Moult 
was  Mr.  Andy  Constantaras . 

The  laboratory  evaluations  summarized  in  this  report  w<-:e  port  ui  a 
joint  research  program  which  was  equally  funded  by  the  USAGE  CPAR  program  an 
the  Asphalt  Rubber  Producers  Group  (ARPG) .  USAGE  funds  were  used  to  support 
the  research  conducted  by  WES.  and  ARPG  funds  were  used  to  support  the 
research  conducted  by  various  academic  and  industry  agencies  including  the 
University  of  Nevada -Reno,  the  University  of  Arizona,  Crafco,  Inc.,  and 
International  Surfacing,  Inc. 

The  study  was  conducted  under  the  general  supervision  of  Ur.  W.  F 
Marcuson  III,  Director,  GL;  Mr.  H.  H.  Ulerv.  Jr.,  former  Chief.  Pavement 
Systems  Division  (PSD);  and  Mr.  T.  W.  Vollor ,  Chief,  Materials  Research  and 
Construction  Technology  Branch,  PSD.  This  report  was  prepared  under  the 
direct  supervision  of  Dr.  G.  M.  Hamrcit t  II,  Chief,  PSD.  The  project's 
Principal  Investigator  was  Mr.  G.  L.  Anderton.  Mr.  Anderton  directed  the 
organization  of  this  report  with  assistance  from  Mr.  Al  France  of  ARPG,  who 
collected  the  individual  chapters  from  the  respective  authors.  Mr.  G.  L 
Cooper  of  ARPG,  who  acted  as  the  CPAR  industry  partner's  authorized 
representative,  reviewed  this  report  before  publication. 

Each  chapter  of  this  summary  report  presents  the  findings  of  individua 
research  studies.  The  authors  of  these  chapters  were  responsible  for  the 
respective  study  areas.  The  chapter  authors  include  Messrs.  G.  L.  Anderton, 
G.  L.  Cooper,  J.  A.  Epps.  K.  R.  Hansen,  R.  A.  Jimenez,  .4.  C.  Krutz,  and 
Ms.  M.  Stroup -Gardiner .  Those  chapters  that  were  nr  prepared  by  WES 
representatives  were  published  as  received. 

At  the  time  of  publication  of  this  repor*  ,  Director  of  WES  was 
Dr.  Robert  W.  Whalin.  Commander  was  COL  Lot  nurd  G .  Hassell,  KN . 
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INTRODUCTION 


Construction  Productivity  Advancement  Research 

In  November  of  1989,  the  U.S.  Army  Corps  of  Engineers  Waterways  Experiment 
Station  and  the  Asphalt  Rubber  Producers  Group  signed  a  Cooperative  Research  and 
Development  Agreement  which  marked  the  beginning  of  a  two-year  joint  research 
study  on  asphalt-rubber.  This  agreement  was  the  first  enacted  on  within  the  Corps' 
new  Construction  Productivity  Advancement  Research  (CPAR)  program.  The  potential 
benefits  of  this  developing  technology  for  both  the  Federal  Government  and  the  private 
sector  made  the  asphalt-rubber  research  study  perfectly  suited  for  the  CPAR  program. 

CPAR  is  a  cost-shared  research  and  development  partnership  between  the  Corps  and 
the  U.S.  construction  industry,  academic  institutions,  public  and  private  foundations, 
non-profit  organizations,  state  and  local  governments  and  other  entities  who  are  inter¬ 
ested  in  construction  productivity  and  competitiveness.  CPAR  is  designed  to  promote 
and  assist  in  the  advancement  of  ideas  and  technologies  that  will  have  a  direct  positive 
impact  on  construction  productivity  and  project  cost  and  on  Corps  mission  accomplish¬ 
ment.  The  CPAR  program  has  received  strong  support  from  the  U.S.  construction  in¬ 
dustry  and  numerous  projects  have  been  funded  since  the  program  was  initiated  in 
1989. 


Research  Study 

This  report  digests  the  results  obtained  from  the  two-year  asphalt-rubber  research 
study.  Individual  studies  of  differing  research  areas  were  conducted  by  several  agen¬ 
cies  including:  the  U.S.  Army  Engineer  Waterways  Experiment  Station's  (WES)  Pave¬ 
ment  Systems  Division,  the  University  of  Nevada-Reno  (UNR),  the  University  of  Arizona 
(UA),  International  Surfacing,  Inc.  (ISI)  and  Crafco,  Inc.  Detailed  reports  of  these  indi¬ 
vidual  studies  are  documented  in  the  Technical  Reports  listed  below: 


Volume  1  -  Summary  of  Research  on  Asphalt-Rubber  Binders  and  Mixes 

Volume  2  -  Physical  Properties  and  Aging  Characteristics  of  Asphalt-Rubber 
Binders 


Volume  3  -  Tensile  Creep  Comparison  of  Asphalt  Cement  and  Asphalt- 
Rubber  Binders 

Volume  4  -  Comparison  of  Mix  Design  Methods  for  Asphalt-Rubber  Con¬ 
crete  Mixtures 


Volume  5  -  Permanent  Deformation  Characteristics  of  Recycled  Tire  Rubber 
Modified  and  Unmodified  Asphalt  Concrete  Mixtures 

Volume  6  -  Low  Temperature  Cracking  Characteristics  of  Ground  Rubber 
and  Unmodified  Asphalt  Concrete  Mixtures 
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Volume  7  -  Fatigue  of  Asphalt  and  Asphalt-Rubber  Concretes 
Volume  8  -  Asphalt-Rubber  Open-Graded  Friction  Courses 
Copies  of  these  Technical  Reports  may  be  obtained  by  contacting: 

Asphalt  Rubber  Producers  Group 
312  Massachusetts  Ave.  NE 
Washington  D.  C.  20002 


Summaries  of  Volumes  2  through  8  are  included  in  Chapters  2  through  8  of  this  report. 


MATERIALS 


Binders 

Binders  described  in  this  report  are  abbreviated  as  follows: 


AC-5  Witco  AR  1000  (AC-5)  Asphalt  Cement. 

AC-20  Witco  AC-2C  Asphalt  Cement. 

AC-40  Witco  AC-40  Asphalt  Cement. 

AC-5RE  79%  Witco  AR  1000(AC-5)  Asphai*  Cement,  5%  San  Joaquin 
1200S  Extender  Oil  and  16%  Baker  IGR  24  Rubber. 


AC-5R  83%  Witco  AR  1000  (AC-5)  Asphalt  Cement  and  17%  Baker 
IGR-24  Rubber. 

AC-20R  84%  Witco  AC-20  Asphalt  Cement  and  16%  Baker  IGR-24  rubber. 

Aggregate 

The  aggregate  was  obtained  from  Granite  Rock  Co.,  Watsonville,  California.  The 
gradation  was  chosen  to  meet  ASTM  D3315  1/2-inch  dense  mixture,  Nevada  Type  2 
and  California  1/2-inch  medium  specifications. 
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BINDER  TESTING 


Physical  Properties  and  Aging  Characteristics  of  Asphalt-Rubber  Binders 

Asphalt  cement  and  asphalt-rubber  binders  were  evaluated  in  report  Volume  2.  "Physi¬ 
cal  Properties  and  Aging  Characteristics  of  Asphalt-Rubber  Binders",  Gary  Anderton, 
WES,  using  the  following  tests: 

■  Absolute  Viscosity  ( 1 40°F) 

■  Kinematic  Viscosity  (275°F)  -  asphalt  cement  only 

■  Brookfield  &  Haake  Viscosities  (194°F  to  275°F) 

■  Penetration,  Cone  and  Needle,  (39°  F  &  77°F) 

■  Ductility,  (39°F  &  77°F) 

■  Softening  Point 

■  Resiliency 

Binders  were  also  evaluated  after  aging  using  the  Thin  Film  Oven  Test  (TFOT)  and 
Weatherometer.  The  binders  were  tested  using  the  following  tests  before  and  after  ag¬ 
ing: 

■  Absolute  Viscosity  ( 1 40°F) 

■  Penetration,  Cone  and  Needle,  (77°F) 

■  Softening  Point 

■  Weight  Loss 

Figure  1  shows  a  typical  temperature 
viscosity  relationship  for  a  asphalt- 
rubber  and  unmodified  asphalt  ce¬ 
ments.  This  and  other  viscosity  test 
results  demonstrate  the  conclusion 
that  the  addition  of  16  to  17  percent 
ground  recycled  tire  rubber  to  an  as¬ 
phalt  cement  will  increase  the  binder 
viscosity  by  100  to  2000  percent,  de¬ 
pending  upon  the  test  method  and 
test  temperature. 

The  viscosity  tests  also  show  that 
differing  grades  of  asphalt-rubber  binders  produced  with  similar  dosage  levels  of  the 
same  rubber  have  very  similar  viscosities  between  200°F  and  275°F.  This  indicates 
that  above  about  200°F,  the  viscosity  of  the  binder  is  controlled  by  the  rubber  and 
below  200°F,  the  base  asphalt  cement  has  a  significant  influence  on  binder  viscosity. 
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Needle  penetration  test  results  for  ,  Needle  Penetration  \ 

four  of  the  binders  are  shown  in  Fig- ;  Penetration,  o.io  mm _  J 

ure  2.  These  data  illustrate  that  the 
addition  of  recycled  tire  rubber  can:! 

(1)  improve  low-temperature  binder 
properties  as  indicated  by  the  39.2°F  ,2U 

pen;  and  (2)  reduce  overall  tempera-  ,u0 
ture  susceptibilities  as  indicated  by  80 
the  difference  between  the  39.2  and  6t) 

77°F  penetration  tests.  4U 

Softening  points  test  results  for  four  20 
binders  are  shown  in  Figure  3.  ac-s  ac-sr  ac-2o  ac-mr  1 

These  tests  show  softening  points  V  k 

are  increased  by  approximately  20 
to  30°F  by  the  addition  of  16  to  17 

percent  recycled  tire  rubber.  It  is  important  to  note  that  the  AC-5R  has  a  higher  soften¬ 
ing  point  than  the  AC-20.  This  testing  indicates  that  asphalt-rubber  concrete  pave¬ 
ments  should  be  less  susceptible  to  traffic-induced  deformation  distress  at  high 
pavement  temperatures.  This  may  also  be  true  when  comparing  the  AC-5R  to  the 


AC-5  AC-5R  AC-20  AC-2UR 


Figure  2 


Softening  Poml 


Resilience 


14* 


12-9 


rnz 


AC-SR  A<-2<> 


Figure  4 


The  resilience  test  shown  in  Figure  4  measures  the  ability  of  a  binder  to  recover  from  a 
set  strain  at  77°F.  This  test  shows  asphalt-rubber  binders  have  higher  elastic  recovery 
potentials  than  unmodified  asphalt  cement  binders.  This  test  also  indicates  that 
asphalt-rubber  concrete  mixes  should  show  improved  resistance  to  high  temperature 
deformation  when  compared  to  unmodified  mixes. 
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Viscosity  and  7 7°F  penetration  test 
results  on  thin  film  oven  test  (TFOT)j 
aged  samples  are  shown  in  Figure) 
5.  The  viscosity  tests  illustrate  that) 
plant  aging  of  asphalt-rubber  bind-; 
ers,  with  the  exception  of  the! 
AC-5RE,  is  about  50  percent  less) 
than  asphalt  cement  binders  The1 
penetration  tests  show  improved! 
plant  aging  resistance  for  all  asphalt- 
rutbe.  binders. 

Asphalt-rubber  binders  had  higher; 
weight  losses  after  thin  film  oven  test  \ 
aging  when  compared  to  the  asphalt 
cement  binders,  but  the  amount  of 


weight  loss  did  not  appear  to  significantly  affect  other  aging  properties. 


Figure  6  presents  the  results  of  viscosity  and  penetration  tests  on  samples  aged  in  the 
weatherometer.  This  accelerated  aging  subjects  the  specimens  to  heat,  ultra  violet 
light  and  moisture  to  simulate  environmental  aging.  Viscosity  tests  show  all  aspha't- 
rubbers,  with  the  exception  of  the  AC-5RE,  to  have  reduced  environmental  aging.  The 
penetration  tests  show  improved  aging  resistance  for  all  asphalt-rubber  binders  when 
compared  to  the  base  asphalt. 
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Tensile  Creep  Comparison  of  Asphalt  Cement  and  Asphalt-Rubber  Binders 


Binders  were  evaluated  in  Volume  2.  "Tensile  Creep  Comparison  cf  Asphalt  Cement 
and  Asphalt-Rubber  Binders",  Kent  R.  Hansen  and  Anne  Stonex.  ISl.  using  creep  test 
procedures  reported  by  Coetzee  and  Momsmith  (Coetzee.  N.F  ,  and  Momsmith,  C  L 
"Analytical  Study  of  Minimization  of  Reflective  Cracking  in  Asphalt  Concrete  Overlays 
by  use  of  a  Rubber  Asphalt  Interlayer".  Transportation  Research  Record  700.  1979,  pp 
100-1  OS-  In  brief,  samples  are  tested  in  a  modified  doci  lity  bath  where  a  load  is  ap¬ 
plied  using  a  dead  weight  and  pulley  system.  The  load  was  selected  to  obtain  a  strain 
of  20  to  40  percent  at  1,000  seconds.  Samples  were  tested  at  22.  39  2.  55  and  77  F 
Stiffness  moduli  were  calculated,  and  plotted  for  eacn  test  A  typical  stiffness  modulus 
verses  temperature  plot  is  presented  in  Figure  7.  This  testing  shows  a  significant  de¬ 
c-ease  m  temperature  sensitivity  by  the  addition  of  recycled  tire  rubber  Similar  im¬ 
provements  in  temperature  sensitivity  were  previously  noted  based  on  viscosity  (Figure 
Tj  and  generation  (Figure  2)  tests. 


The  tensile  creep  tests 
also  shew  that  similar 
high  temperature  stif¬ 
fness  may  be  achieved 
with  an  asphalt-'ubber 
produced  With  an  as¬ 
phalt  cement  2  to  3 
grades  softe-  than  the 
neat  asphalt  cement. 
The  low  temperature 
propemes  of  the 
asphalt-rubber  binder 
would  ce  much  better 
than  the  neat  asphait 
cement  Similar  trends 
may  be  seen  *n  the  soft¬ 
ening  point  (Figure  3} 
and  resilience  (Figure 
4}  tests  previously  re¬ 
ported 


Stiffness  Modulus  vs  Temperature 


\ 


Figure  7 


One  fact  not  shown  on  the  plots  is  that  all  the  asphait  cements  had  brittle  failures  at 
22°F  while  the  asphalt-rubbers  remained  flexible.  This  is  a  further  indication,  of  the 
asphalt-rubbers'  improved  low  temperature  properties  An  asphalt  concrete  using  an 
asphalt-rubber  binder  produced  with  softer  grades  of  asphalt  should  result  in  a  mix  that 
is  less  susceptible  to  thermal  cracking  and  rutting  than  a  similar  asphalt  concrete  mix 
produced  with  a  stiffen  neat  asphalt  cement. 
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MIX  DESIGN 


Comparison  of  Mix  Design  Methods  for  Asphalt-Rubber  Concrete  Mixtures 

Marshall  and  Hveem  mix  design  methods  were  evaluated  in  Volume  3,  "Comparison  of 
Mix  Design  Methods  for  Asphalt-Rubber  Concrete  Mixtures",  Mary  Stroup-Gardiner, 
Nei1  Krutz  and  Jon  Epps,  Ph.D.,  UNR.  Marshall  and  Hveem  mix  design  procedures 
were  used  to  determine  optimum  binder  contents  using  the  binders  and  aggregates 
previously  referenced.  The  conventional  asphalt  concrete  samples  were  prepared  and 
tested  according  to  ASTM  D1559  (Marshall),  50  blows  per  side,  and  ASTM  D1560  and 
1561  (Hveem)  procedures.  Slight  modifications,  which  are  described  below,  were  re¬ 
quired  for  the  asphalt-rubber  mixes. 

Asphalt-rubber  Marshall  specimens  were  compacted  at  275°F.  The  samples  were  al¬ 
lowed  to  cool  overnight  before  extruding  to  prevent  the  specimens  from  expanding  due 
to  the  resilient  properties  of  the  rubber. 

An  attempt  to  compact  the  asphalt-rubber  Hveem  specimens  at  230°F  resulted  in  unac¬ 
ceptable  test  results.  Based  on  these  test  results  the  decision  was  made  to  increase 
the  compaction  temperature  to  300°F. 

Some  of  the  conclusions  of  this  research  are: 

1.  Marshall  mix  design:  Asphalt-rubber  mixtures  can  be  expected  to  exhibit  lower 
stability  and  unit  weights,  and  higher  VMA  and  flow  than  unmodified  mixtures; 
four  percent  air  voids  can  be  obtained  with  asphalt-rubber  mixtures,  it  is  recom¬ 
mended  that  the  flow  limits  be  increased;  previous  suggestions  of  22  to  24  for 
flow  appear  to  be  reasonable. 

2.  Hveem  mix  design;  An  increase  in  compaction  temperature  from  230  to  300°F 
produces  mixtures  that  can  meet  the  majority  of  the  traditional  Hveem  mix  de¬ 
sign  criteria.  The  Hveem  stability  limits  should  be  lowered  because  of  the  in¬ 
creased  lateral  deformation  per  given  load  that  is  obtained  with  the  presence  of 
rubber. 

3.  Comparison  of  mix  design  methods: 

Figure  8  shows  recommended  bind¬ 
er  contents  determined  by  the  dif¬ 
ferent  design  procedures.  The 
asphalt-rubber  appears  to  increase 
the  optimum  binder  content,  regard¬ 
less  of  mix  design  method.  Varia¬ 
tions  of  +0.5  percent  asphalt  were 
noticed  between  the  two  methods, 
regardless  of  binders  of  modifiers. 
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4.  Fundamental  material  properties:  Figure  9  presents  resilient  modulus  vs.  tem¬ 
perature  for  asphait  concrete  mixtures  produced  using  four  of  the  binders.  A 
significant  reduction  in  material  stiffness  at  cold  temperatures  is  obtained  when 
asphalt-rubber  is  added  to  the  mixture.  Material  stiffness  can  possibly  be  in¬ 
creased  at  warmer  temperatures  by  using  asphalt-rubber.  The  addition  of  rub¬ 
ber  tends  to  result  in  a  slight  reduction  in  tensile  strengths. 


The  reduced  temperature  sensitivity  was  previously  noted  in  binder  tests:  viscosity 
(Figure  1);  penetration  (Figure  2);  and  tensile  creep  (Figure  7). 

Asphalt-Rubber  Open-Graded  Friction  Courses 

The  use  of  asphalt-rubber  binders  in  open  graded  friction  courses  was  evaluated  in 
Volume  8, "  Asphalt-Rubber  Open-Graded  Friction  Courses,"  Gary  Anderton,  WES,  to: 
(1)  determine  the  potential  benefits  of  asphalt-rubber  binders  when  used  in  open 
graded  friction  courses;  and  (2)  recommend  asphalt  cement  grades  and  mix  design 
procedure  required  to  achieve  optimum  field  performance.  Mixes  were  evaluated  us¬ 
ing: 

■  Binder  Drain  Off  Tests 

■  Permeability  Tests 

■  Stripping  (Water  Sensitivity)  Tests 
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The  use  of  asphalt-rubber  binder  showed  a  significant  improvement  in  binder  dram  off 
A  comparison  of  AC-20  and  AC-5R  is  shown  in  Figure  10  This  shows  that  when 
asphalt-rubber  is  used,  the  binder  content  can  be  increased  and  the  mix  temperature 
can  also  be  increased.  The  reduced  drain  off.  even  at  higher  temperatures,  is  iikeiy 
due  to  the  higher  viscosities  of  the  asphalt-rubber  binders  at  high  temperatures  as  pre¬ 
viously  shown  in  Figure  1. 


Laboratory  permeabil¬ 
ity  tests  were  con¬ 
ducted  on  open 
graded  mixes  pro¬ 
duced  with  each  test 
binder.  The  test 
specimens  consisted 
of  a  3/4-inch  thick 
open-graded  mix  on  a 
dense  graded  mix. 
The  open-graded  as¬ 
phalt  cement  mixes 
were  mixed  at  275°F 
with  binder  contents 
of  6.6,  7.6,  and  8.6 
percent.  The  asphalt- 
rubber  samples  were 
mixed  at  300°F  at 
binder  contents  of 


8.0,  9.0,  and  10.0  percent.  Figure  11  presents  the  results  of  the  permeability  tests  for 


four  of  the  mixes  tested.  This  shows  equal  or  better  permeability  for  the  asphalt-rubber 


mixes,  even  at  higher  binder  contents. 


The  voids  of  the  compacted  / 
open-graded  mixes  were  / 
also  evaluated.  Six-inch 
diameter,  two-inch  high 
specimens  were  com¬ 
pacted  with  25  blows  of  a 
Marshall  hand  compactor 
on  one  side.  The  speci¬ 
mens  were  weighed  in  air 
and  water  to  determine  the 
void  content  and  density. 
This  data  showed  the 
asphalt-rubber  mixes  had 
higher  voids  than  the  as-  \ 
phalt  mixes,  which  agrees 


I  5.IW0  j- 


Open  Graded  Mix  Comparison 


AC-20R 


AC-5Ri 


AC-20 


Percent  Binder 


Figure!  1 


with  the  permeability  test  results.  However,  this  data  also  shows  increased  density  for 
the  asphalt-rubber  mixes.  The  combination  of  higher  voids  and  higher  density  appears 
contradictory.  Determining  the  unit  weight  of  a  high  void  mix  by  weighing  the  speci¬ 
mens  in  air  and  water  may  have  introduced  errors  due  to  absorption  of  water  in  the  mix 


The  stripping  potential  of  the  mixes  were  evaluated  using  the  following  test  procedures 

■  ASTMD1664 

■  Texas  Boiling  Test 

■  Porewater  Pressure  Debonding  Test 


The  ASTM  procedure  is  considered  the 
least  severe  of  the  tests  used  and  typi-  / 
caliy  identifies  only  those  binders  and 
aggregates  with  serious  stripping  prob-  j 
terns.  All  of  the  binders  tested  passed  : 
the  95%  binder  retention  requirement. 

The  results  of  the  Texas  Boiling  and 
Porewater  Pressure  Debonding  Tests; 
are  presented  in  Figure  12.  These; 
tests  do  show  an  improvement  when  j 
asphalt-rubber  is  used  for  open-graded 
mixes.  Much  of  this  improvement  is 
likely  due  to  the  higher  binder  contents  \ 
and  resulting  increase  in  film  thickness. 


DENSE  GRADED  MIX  CHARACTERISTICS 

Dense  graded  mixes  produced  using  neat  asphalt  cement  and  asphalt-rubber  binders 
were  tested  to  compare  the  following  characteristics: 

■  Permanent  Deformation 

■  Low  Temperature  Cracking 

■  Fatigue 

Optimum  Binder  Contents 

The  binder  contents  selected  for  the  above  testing  are  shown  in  Table  1.  These  binder 
contents  were  selected  by  a  committee  including  the  sponsors  and  the  researchers  in¬ 
volved.  These  binder  contents  were  based  on  mix  designs  performed  by  the  University 
of  Nevada,  Reno  (UNR)  and  U.S.  Army  Corps  of  Engineers,  Waterways  Experiment 
Station  (WES).  The  binder  contents  for  the  unmodified  mixes,  AC-5  and  AC-20,  were 
agreed  to  at  5.3  and  5.7  percent,  respectively.  However,  the  mix  designs  from  UNR 
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and  WES  for  the  modified  binder  did  not  agree.  Therefore  a  compromise,  agreeable  to 
all  parties,  was  made.  These  binder  contents  are  higher  than  the  recommend  binder 
contents  previously  reported  in  this  report.  The  researchers  involved  m  evaluating  the 
dense  graded  mix  characteristics  have  reported  that  the  binder  contents  appeared  high 
It  is  important  that  this  be  considered  when  evaluating  these  test  resuits. 


Table  1 


Type  of  Binder 

Binder  Contents  Used  in 
Preparing  Samples 
(%  by  Total  Weight  of  Mix) 

UNR  Recommend  Binder 
Content 

(%  by  Total  Weight  Of  Mix) 

AC-5 

5.3 

—a Ha 

AC-20 

5.7 

AC-5RE 

8.5 

7.7 

AC-5R 

8.3 

7.7 

AC-20R 

7.9 

7.4 

Permanent  Deformation  Characteristics 

Permanent  deformation  characteristics  were  evaluated  in  Volume  5,  "Permanent  De¬ 
formation  Characteristic  of  Recycled  Tire  Rubber  Modified  and  Unmodified  Asphalt 
Concrete  Mixtures,"  Neil  C.  Krutz  and  Mary  Stroup-Gardiner,  UNR  using: 

■  Static  Creep  Test  (Proposed  ASTM) 

■  Tri-axial,  Confined,  Repeated  Load  (SHRP  Interim  Test  Procedure) 

Tests  were  conducted  at  77°F  and  104°F  using  both  procedures. 


Figure  13  shows  the  results  of  static  creep  testing  for  four  of  the  mixes  tested.  This 
testing  shows  that  asphalt-rubber 

Creep  Modulus  from  Static  Testing  \ 


concrete  mixtures  have  reduced 
permanent  deformation  at  high 
temperatures  when  compared  to 
unmodified  mixtures. 


It  should  be  noted  that  the  stif¬ 
fness  modulus  of  the  binders  as 
determined  by  the  tensile  creep 
test  (Figure  7)  shows  the  same 
relative  ranking  at  104°F  as  the 
static  creep  test. 


Average  Mix  Stiffness  @  60  min,  psi 


104°F 


AC-5  AC-5R  AC-20  AC-20R 
Binder  Type 

Figure  13 


13 


Figure  14  and  15  present  the  results  of  repeated  load  testing  for  four  of  the  m  xtures. 
At  77°F  this  testing  shows  the  AC-20  to  he  most  resistant  to  permanent  deformation. 
However,  at  104“F  the  asphait-rubber  mixes  have  the  best  performance  and  me  de¬ 
formation  resistance  of  the  AC-20  mixture  is  considerably  reduced  This  illustrates  that 
testing  at  temperatures  lower  than  the  pavement  may  experience  m  service  may  not 
adequately  predict  the  pavements  resistance  to  permanent  deformation  Therefore, 
permanent  deformation  testing  should  be  performed  at  elevated  temperatures.  This 
conclusion  is  also  supported  by  both  the  static  and  dynamic  creep  tests. 


Repeated  loading  should  be  used  for  permanent  deformation  testing  This  provides  a 
better  model  by  simulating  moving  wheel  loads  and  is  supported  by  comparing  the  stat¬ 
ic  and  repeated  load  tests  at  104”F.  The  static  test  results  indicate  only  the  presence  of 
rubber  and  nothing  about  the  properties  of  the  base  binder.  The  repeated  load  testing 
indicates,  in  a  concrete  manner,  the  differences  that  exist  between  binders 


Low  Temperature  Cracking  Characteristics 

Low  temperature  cracking  characteristics  were  evaluated  in  Volume  6.  "Low  Tempera¬ 
ture  Cracking  Characteristics  of  Ground  Rubber  and  Unmodified  Asphalt  Concrete 
Mixtures,"  Neil  C.  Krutz  and  Mary  Stroup-Gardiner,  UNR.  using  the  following  test  proce¬ 
dures: 

■  Indirect  Tensile  Strength  at  34”,  0”  and  -20’F. 

■  Constrained  Specimen 

■  Direct  Tension  Test  at -20°F. 

Specimens  were  also  subjected  to  accelerated  aging  using  NCHRP  9-6(1)  AAMAS  pro¬ 
cedures.  Unfortunately  all  beam  specimens  used  for  the  constrained  specimen  test 
were  damaged  during  the  aging  and  could  not  be  tested.  The  briquets  used  for  the  in¬ 
direct  tensile  strength  testing  were  not  damaged  during  the  accelerated  aging. 


The  results  of  indirect  tensile  strength  tests  are  presented  in  Figure  16.  It  should  be 
noted  that  the  specimens  with  asphalt-rubber  took  about  twice  as  long  to  fail  as  the  un¬ 
modified  mixes.  Since  this  is  a  constant  strain  test,  the  strains  at  failure  for  the  asphalt- 
rubber  mixes  would  be  about  twice  that  of  the  unmodified  mixtures.  This  helps  illustrate 
the  conclusion  that  asphalt-rubber  mixtures  will  exhibit  more  deformation  at  cold  tem¬ 
peratures  (t.e.  O  F  and  -20''F)  while  maintaining  strengths  similar  to  unmodified  mixes 


The  constrained  specimen  testing  measures  the  stress  required  to  maintain  a  specimen 
at  constant  length  under  a  constant  rate  of  cooling.  Figure  17  shows  the  results  of  the 
testing  for  specimens  prepared  using  AC-5  and  AC-5R  binders  This  illustrates  that  as 
the  temperature  drops  the  stress  increases  gradually  until  the  "transition  temperature" 
is  reached  and  the  stress  increases  at  an  accelerated  rate.  Above  the  "transition  tem¬ 
perature"  the  mixes  still  possess  viscoelastic  properties  where  the  thermal  stresses  can 
be  relieved  through  stress  relaxation.  Below  this  "transition  temperature"  the  mixture 
exhibits  purely  elastic  characteristics  and  the  thermal  stresses  are  not  relaxed  until  fail¬ 
ure  of  the  specimen. 

Figure  17  illustrates  the  conclusion  that  the  AC-5R  binder  reduces  the  transition  and 
fracture  temperature  by  about  10X  (18;iF)  when  compared  to  the  unmodified  AC-5  mix. 

The  AC-20R  sample  did  not  show  the  same  improvement  using  the  constrained  speci¬ 
men  test  compared  to  the  unmodified  AC-20  mixture.  One  possible  conclusion  is  be¬ 
cause  the  rubber  particles  absorb  the  light  fraction  of  the  asphalt  cement,  a  stiffer  base 
asphalt,  such  as  the  AC-20,  may  be  left  with  only  the  heavier  oils  and  resins.  The  re¬ 
sulting  mix  may  be  more  sensitive  to  non-homogenities  due  to  increased  stiffness.  This 
leads  to  the  conclusion  that  softer  base  asphalts  should  be  used  for  asphalt-rubber  mix¬ 
tures  for  thermal  cracking  conditions. 

Direct  tensile  tests  conducted  at  -20°F,  showed  very  little  difference  between  any  of  the 
mixtures.  This  test  at  very  low  temperatures  does  not  seem  to  be  able  to  distinguish 
the  difference  in  binders. 
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Little  difference  was  observed  in  the  aging  of  the  AC-5  and  AC-5R  mixtures.  Both  mix¬ 
tures  exhibited  approximately  a  25  percent  increase  in  indirect  tensile  strength  after  ag¬ 
ing. 

Fatigue  of  Asphalt  and  Asphalt-Rubber  Concrete 

The  fatigue  characteristics  of  the  mixtures  were  evaluated  in  Volume  7,  "Fatigue  of  As¬ 
phalt  and  Asphalt-Rubber  Concretes."  R.A.  Jimenez,  Ph  D.,  UA,  using  a  deflectometer. 

The  test  equipment  applies  a  repeated  central  load  to  a  sample  about  17.5  inches  in 
diameter.  This  is  a  constant  stress  fatigue  test.  The  stress  vs.  fatigue  plots  presented 
in  Volume  7  would  indicate  the  unmodified  mixes  would  have  superior  fatigue  perform¬ 
ance  at  all  temperatures.  This  data  contradicts  what  was  anticipated  since  all  other 
tests,  binder  and  mixture,  showed  equal  or  better  performance  for  the  asphalt-rubber 
mixtures.  Also,  the  higher  binder  content  for  the  asphalt-rubber  mixtures  should  have, 
by  itself,  improved  the  fatigue  resistance.  Samples  were  looked  at  after  testing  to 
evaluate  the  crack  pattern  for  the  type  of  failure.  The  crack  pattern  observed  for  the 
asphalt-rubber  specimens  was  not  the  fatigue  pattern  observed  for  the  unmodified 
mixes.  This  leads  to  the  conclusion  that  binder  content  of  ‘he  asphalt-rubber  mixes 
was  too  high  and  the  constant  stress  method  of  fatigue  tesu.-g  may  not  be  valid  for  the 
asphalt-rubber  modified  mixtures. 


Figure  18  shows  the  strain  vs.  repetitions  to  failure  for  mixtures  with  AC-5R  and  AC-20 
binders.  These  plots  were  calculated  by  the  author  of  this  summary  chapter  using 
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equations  and  modulus  and  test  values  presented  in  Volume  7.  The  plotted  strain  val¬ 
ues  were  limited  to  an  equivalent  stress  value  of  300  psi.  This  maximum  stress  value 
keeps  the  plot  within  the  stress  values  tested  and  the  probable  maximum  tensile 
strength  of  the  mixes.  Like  the  stress  vs.  fatigue  plots  presented  in  Volume  7  this  plot 
shows  equal  or  superior  performance  for  the  AC-5R  mixes  especially  at  lower  strains 
(lower  stresses).  The  ability  of  the  unmodified  mixes  to  tolerate  the  higher  strains  the 
asphalt-rubber  mixes  were  tested  at  is  unknown.  This  plot  indicates  that  asphalt-rubber 
mixes  should  be  tested  and  evaluated  using  controlled  strain  testing  rather  than  con¬ 
trolled  stress. 


CONCLUSIONS 

Asphalt-rubber  binders  are  much  less  temperature  sensitive  than  the  base  asphalts 
they  are  produced  from.  This  conclusion  is  supported  by  viscosity  tests,  penetration 
tests  at  7 7°F  and  39.2°F  and  tensile  creep  testing.  Asphalt-rubber  binders  are  stiffer  at 
high  temperatures  and  softer  at  low  temperatures  than  the  base  asphalt  cements. 

Asphalt-rubber  binders  should  be  produced  with  softer  base  asphalts.  This  is  sup¬ 
ported  by  a  number  of  binder  tests  including  softening  point,  resilience  and  tensile 
creep.  All  of  these  binder  tests  show  an  asphalt-rubber  binder  produced  with  an  AC-5 
asphalt  cement  to  have  equal  or  better  high  temperature  characteristics  than  an  AC-20. 
Penetration  and  tensile  creep  tests  show  the  asphalt-rubber  produced  with  an  AC-5  to 
have  superior  low  temperature  properties  compared  to  an  AC-20.  This  conclusion  is 
also  supported  by  permanent  deformation  and  low  temperature  cracking  testing  of  the 
dense  graded  mixes.  This  testing  shows  that  an  asphalt-rubber  dense  graded  mix  pro¬ 
duced  with  an  AC-5  base  asphalt  is  more  resistant  to  permanent  deformation  at  high 
temperatures  and  more  resistant  to  thermal  cracking  at  low  temperatures  than  a  dense 
graded  mix  produced  with  an  unmodified  AC-20  or  AC-5  asphalt  cement. 

Asphalt-rubber  binders  generally  showed  improved  resistance  to  plant  (TFOT)  and 
environmental  aging  (Weatherometer).  Only  the  viscosity  testing  of  aged  binders 
showed  poorer  aging  for  the  AC-5RE  binder  which  is  produced  from  an  AC-5  base  as¬ 
phalt  and  extender  oil.  Penetration  testing  of  the  aged  binders  showed  less  aging  for 
all  asphalt-rubber  binders  compared  to  their  base  asphalt  cements. 

Asphalt-rubber  concrete  (ARC)  mixes  can  be  designed  using  Marshall  and  Hveem 
procedures  with  slight  modifications.  Modifications  to  the  mixing  and  compaction  pro¬ 
cedures  include:  mixing  and  compaction  at  higher  temperatures  than  for  neat  asphalt 
cements:  and  allowing  the  samples  to  cool  before  extruding  from  the  molds  to  prevent 
volumetric  changes  in  the  plugs  due  to  elastic  rebound  of  the  rubber. 

■  For  Marshall  mix  designs,  asphalt-rubber  mixes  can  be  expected  to  have 
lower  stability  and  unit  weights,  and  higher  VMA  and  flow  than  unmodified 
mixtures.  It  is  recommended  that  flow  limits  for  dense  graded  mixes  be 
increased  to  22  to  24. 
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■  The  Hveem  stability  should  be  reduced  for  asphalt-rubber  mixes. 

■  Higher  binder  contents  should  be  anticipated  for  asphalt-rubber  mixes 
compared  to  mixes  using  neat  asphalt  cement,  regardless  of  design  method. 

Testing  indicates  that  asphalt-rubber  open-graded  friction  courses  would  be  more 
durable,  longer  lasting  and  better  draining  than  unmodified  open-graded  friction 
courses. 

Asphalt-rubber  concrete  mixes  show  improved  resistance  to  permanent  deformation 
at  high  temperatures  than  unmodified  mixes. 

Permanent  deformation  testing  should  be  conducted  at  high  temperature  (100°F  +) 
and  use  repeated  loading. 

The  use  of  asphalt-rubber  in  dense  graded  mixes  shows  improved  low  temperature 
crack  resistance  compared  to  unmodified  mixes.  The  use  of  softer  base  asphalts 
(AC-5)  for  the  asphalt-rubber  provided  the  most  improvement  in  low  temperature  crack 
resistance. 
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PHYSICAL  PROPERTIES  AND  AGING  CHARACTERISTICS 


OF  ASPHALT  RUBBER  BINDERS 
BACKGROUND 


Asphalt-rubber  binders  were  analyzed  in  this  portion  of  the  research  program  to 
determine  their  physical  properties  and  aging  characteristics  in  comparison  with  standard 
asphalt  cements.  The  term  “asphalt-rubber”,  as  it  is  used  in  this  study,  refers  to  a  blend  of 
ground  tire  rubber  and  asphalt  cement  at  elevated  temperatures.  The  blend  consists  of  about 
15  to  25  percent  ground  tire  rubber  by  total  weight  of  the  blend,  which  is  added  to  the 
asphalt  cement  and  allowed  to  “react”  at  an  elevated  mixing  temperature  before  use  as  a 
pavement  binder.  This  reaction  phase  involves  a  combined  chemical  and  physical  reaction 
between  the  asphalt  cement  and  rubber  which  results  in  a  more  viscous  and  elastic  binder 
containing  individual  rubber  particles  suspended  throughout  the  binder.  The  rubber  particles 
swell  during  this  reaction,  as  they  absorb  some  of  the  lighter  distillants  from  the  asphalt 
cement. 

The  test  binders  used  in  all  of  the  tests  of  this  study  included  three  unmodified  asphalt 
cements  and  three  asphalt-rubber  binders.  A  low,  medium,  and  high  viscosity  binder  was 
represented  in  the  asphalt  cement  group  as  well  as  the  asphalt-rubber  binders.  The  asphalt 
cements  used  in  this  study  included  an  AC-5,  AC-20,  and  AC-40  grade.  All  of  the  asphalt- 
rubber  binders  contained  the  same  ground  rubber  which  bad  been  reclaimed  from  waste 
tires.  The  AC-5  asphalt  cement  was  blended  with  16  percent  rubber  and  5  percent  extender 
oil  to  make  the  test  binder  labeled  AC-5RE.  The  same  AC-5  asphalt  cement  was  blended 
with  17  percent  rubber,  and  the  resulting  binder  was  labeled  AC-5R.  The  last  asphalt-rubber 
binder  used  in  this  study  was  made  by  blending  the  AC-20  asphalt  cement  with  17  percent 
rubber,  and  the  resulting  binder  was  labeled  AC-20R. 


The  objective  of  this  research  was  to  determine  the  potential  benefits  of  asphalt-rubber 
binders  when  used  in  hot  mix  asphalt  (HMA)  mixtures  and  to  recommend  the  asphalt- 
rubber  types  required  to  achieve  optimum  field  performance. 
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Numerous  asphalt  binder  tests  were  conducted  in  the  laboratory  to  determine  the 
effectiveness  of  asphalt-rubber  binders  in  HMA  mixtures  Standard  test  methods  and  a 
number  ol  specialized  testing  procedures  were  employed  in  tins  laboratory  study  The  test 
plan  of  this  study  was  organized  into  two  phases;  Phase  I  included  the  binder  tests  on  virgin 
materials,  and  Phase  II  included  the  need  binder  tests 


Pll ase  1  -  Binder  Toll 


Viso  .sits 

Perhaps  the  most  important  physical  property  that  can  be  determined  of  an  asphalt 
hinder  is  its  viscosity,  which  is  a  measure  of  its  resistance  to  flow  when  in  the  liquid  state 
Viscosity  measurements,  when  determined  across  a  ranee  of  temperatures,  directly  relate 
to  an  asphalt  mixture’s  mixing,  construction  and  performance  characteristics  The  asphalt 
binder  grading  methods  used  throughout  the  world  are  all.  at  least  m  part,  based  oil 
viscosity  Accural’-  determinations  of  asphalt  rubber  viscosity  arc  more  difficult  to  obtain 
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in  comparison  with  standard  asphalt  cements  This  is  true  because  asphalt-rubber  binders  are 
actually  two-phase  systems  containing  small  rubber  particles  suspended  in  the  asphalt 
cement.  The  presence  of  these  rubber  particles  has  been  known  to  effect  the  viscomu 
measurements  of  asphalt-rubber  binders  when  using  standard  test  methods  (I)  The 
importance  of  having  a  reliable  viscosity  test  method  and  the  documented  diflieulties  m 
measuring  asphalt-rubber  viscosities  lead  to  the  selection  of  four  viscosity  test  methods  lor 
this  study.  These  test  methods  included  three  industry  standards,  the  kinematic,  absolute, 
and  Brookfield  methods,  and  a  new  test  method  known  as  the  Haake  viscosity  test. 


The  kinematic  and  absolute  viscosity  tests  are  prescribed  by  ASTM  D2J70  (2i  and 
ASTM  D2171  (2).  respectively.  Both  test  methods  use  capillary  viscometer  lubes  submerged 
in  temperature  control  hath:.,  with  the  kinematic  viscosity  test  conducted  at  275'F  and  the 
absolute  viscosity  test  conducted  at  14()Tr.  Kinematic  viscosity  relates  to  a  binder's  properties 
during  asphalt  mixture  plant  mixing  and  construction  laydown.  Absolute  viscosity  is  relative 
to  the  binder's  condition  in  the  pavement  during  the  peak  high  temperatures  of  the  summer 
months  The  Brookfield  and  Haake  tests  determine  viscosity  by  measuring  the  binder’s 
resistance  to  shearing  forces  imparted  by  a  rotating  spindle  which  is  inserted  in  the  liquehed 
binder.  Both  test  methods  can  be  conducted  over  any  range  of  temperatures  above  the 
binder’s  solid  to  liquid  transition  range.  The  Brookfield  viscosity  test  is  described  by  ASTM 
D2994  (2)  and  makes  use  of  a  stationary  testing  apparatus.  The  Haake  viscosity  test  involves 
the  same  principles  as  the  Brookfield  test,  but  it  makes  use  of  a  recently  designed,  compact, 
portable,  hand-held  device.  Of  all  four  viscosity  test  methods  evaluated  by  this  study,  the 
Haake  method  proved  to  be  the  quickest  and  most  convenient  to  conduct. 


Penetration 


Two  types  of  penetration  tests  were  conducted  on  the  six  test  binders  in  order  to 
evaluate  their  relative  consistency  and  the  effects  of  reduced  temperature  on  this 
measurement,  The  standard  needle  penetration  test,  which  is  specified  by  ASTM  D5  (2).  was 
conducted  at  two  temperatures.  3TF  and  77’F.  The  test  involves  measuring  the  penetration 
depth  of  a  standard  needle  which  is  forced  into  an  asphalt  binder  sample  under  a  KM)  g  load 
for  five  seconds. 


Since  asphalt- rubber  binders  contain  suspended  particles  of  rubber,  it  is  entirely  possible 
for  a  standard  penetration  needle  to  inconsistently  come  into  contact  with  these  particles 
during  the  test.  Therefore,  another  type  of  consistency  test  was  needed  which  would 
theoretically  eliminate  this  potential  problem.  The  Cone  Penetration  Test  (ASTM  D217.I  (2) 
was  selected  for  this  purpose  since  the  test  method  makes  use  of  the  same  basic  equipment 
and  loading  scheme,  with  the  exception  of  the  penetrating  tool  being  different.  A  cone- 
shaped  tool  is  substituted  for  the  needle  and  the  melai  cone  is  forced  into  the  asphalt  binder 
sample  under  the  same  loading  conditions  and  temperatures  as  for  the  needle  penetration 
test.  Since  the  cone  is  displacing  a  larger  area  of  the  sample  during  the  test,  it  would 
eliminate  any  potential  negative  effects  on  testing  reliability  caused  by  the  suspended  rubber 
particles. 
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Ductility 


A  series  of  ductility  tests  (ASTM  01 13)  (2)  were  run  on  all  six  test  binders  at  two 
temperatures,  39'!F  and  ITT.  The  ductility  test  measures  the  distance  that  an  asphalt 
binder  briquette  specimen  will  elongate  before  breaking  when  the  specimen  ends  are  pulled 
apart  at  a  specified  speed.  The  test  samples  are  maintained  at  a  specified  temperature  in 
the  water  bath  where  the  sample  remains  during  testing.  In  measuring  the  binder’s  elastic 
properties,  the  ductility  test  has  beei»  associated  with  a  number  of  physical  properties 
such  as  shear  resistance,  temperature  susceptibility,  and  low-temperature  pavement 
performance.  Regardless  of  the  physical  property  associated  with  ductility,  higher 
ductility  values  are  desired  to  help  improve  pavement  performance. 

Softening  Point 

The  Ring  and  Ball  Softening  Point  Test  was  used  in  this  study  to  determine  the 
temperature  at  which  the  test  binders  began  the  phase  change  between  solid  to  liquid  state. 
This  temperature  becomes  important  in  warm  climates  when  pavement  tc  operatures 
approach  the  binder  softening  point  temperature  and  the  pavement  becomes  tender  and 
unstable  under  traffic.  In  these  conditions,  a  higher  softening  point  temperature  is  more 
desirable.  The  Ring  and  Ball  Method  (ASTM  D36)  (2)  measures  this  value  by  taking  a 
brass  ring  filled  with  asphalt  binder  and  suspending  it  in  a  beaker  filled  with  water.  A 
steel  ball  of  specified  dimensions  and  w-eight  is  placed  in  the  center  of  the  sample,  then 
the  water  bath  is  heated  at  a  controlled  rate.  When  the  asphalt  binder  softens,  the  ball  and 
asphalt  binder  sink  toward  the  bottom  of  the  beaker.  The  softening  point  temperature  is 
recorded  at  the  instant  the  softened  asphalt  binder  sinks  the  prescribed  distance  and 
touches  the  bottom  plate. 


Resiliency 

The  Resiliency  Test  (ASTM  D3883)  was  included  in  this  study  to  determine  if  the 
addition  of  ground  crumb  rubber  to  an  asphalt  binder  w'ould  significantly  affect  the 
resulting  binder's  elastic  resilience  properties.  To  determine  this  elastic  resilience 
property,  the  binder  sample  is  first  hot-poured  into  a  container  similar  to  that  used  for  the 
penetration  test.  The  specimen  is  air-cured  for  24  hours  prior  to  testing.  The  specimen 
is  then  conditioned  in  a  77°F  water  bath  for  one  hour  where  it  will  remain  throughout 
the  testing.  A  ball  penetration  tool  is  substituted  for  the  needle  on  a  standard 
penetrometer  and  forced  into  the  asphalt  specimen  until  a  specified  penetration  depth  is 
reached.  The  load  on  the  penetration  ball  is  held  for  20  seconds,  then  released,  with  only 
the  dead  weight  of  the  penetration  ball  and  loading  arm  resting  on  the  sample.  The 
resulting  elastic  deformation  recovery  is  recorded  at  two  minutes  after  the  load  is  released 
and  the  percentage  of  the  original  penetration  depth  is  calulated.  The  recovery  percentage 
gives  an  indication  of  the  binder’s  elastic  resilience  properties  with  higher  recovery  values 
indicating  a  more  durable  binder  in  conditions  of  elastic  strain. 
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Eh  ase  II  -  Accelerated  Aping  Tests 


A  series  of  binder  tests  were  conducted  in  Phase  II  of  this  study  on  specimens  which 
were  conditioned  in  the  laboratory  by  two  types  of  accelerated  aging  test  methods.  The 
thin  film  oven  test  was  used  to  determine  the  effects  of  short-term  binder  hardening 
w'hich  occurs  when  asphalt  binders  are  mixed  at  high  temperatures  with  hot  aggregates 
at  the  asphalt  plant.  The  effects  of  long-term  age  hardening,  which  occurs  throughout  the 
life  of  the  pavement  and  results  from  continued  exposure  to  the  environment,  were 
determined  by  aging  the  test  binders  in  the  weatherometer.  The  binder  tests  conducted 
on  the  laboratory-aged  specimens  included  the  MOT  absolute  viscosity,  77T  penetration, 
77°F  ductility,  and  softening  point  tests.  A  weight  loss  percentage  due  to  aging  was  also 
measured. 


Thin  Film  Oven 

The  thin  film  oven  test  (ASTM  D1754)  (2)  is  conducted  by  placing  a  50  gram  sample 
of  asphalt  binder  in  a  specified  cylindrical  flat-bottom  pan,  resulting  in  a  specimen 
thickness  of  about  1/8  inch.  The  pan  containing  the  binder  specimen  is  placed  on  a 
rotating  shelf  in  a  325°F  oven.  The  oven  shelf  rotates  at  5  to  6  revolutions  per  minute 
and  the  sample  is  kept  in  the  oven  for  5  hours.  At  this  time,  the  specimen  is  removed 
from  the  oven  and  transferred  to  the  specified  container  or  mold  necessary  for  further 
testing. 


Weatherometer 

The  weatherometer  is  used  to  age  laboratory  specimens  under  environmental  simulating 
conditions  of  ultraviolet  (UV)  radiation,  moisture,  and  heat.  These  three  elements  are 
imposed  on  the  specimens  in  automatically  controlled  cycles  while  in  an  environmentally 
controlled  test  chamber.  The  ultraviolet  radiation  is  imparted  by  dual  carbon  arc  lamps 
positioned  in  the  center  of  the  environmental  chamber.  Moisture  effects  are  controlled  by 
fine  mist  spray  nozzles  and  humidity  sensors.  Thermostatically  controlled  heating 
elements  within  the  test  chamber  control  the  test  temperature.  The  test  samples  were 
placed  in  the  same  containers  as  used  for  the  thin  film  oven  test,  but  for  the  weatherometer 
tests,  the  containers  were  filled  flush  to  the  top  to  prevent  water  from  collecting  on  top  of 
the  specimens.  Up  to  eight  specimens  were  placed  on  a  wire  mesh  shelf  located  in  the 
center  area  of  the  chamber  and  the  shelf  rotated  at  one  revolution  per  minute  during 
testing.  The  procedure  used  for  aging  the  binder  specimens  in  the  weatherometer  followed 
that  prescribed  by  Federal  Specification  SS-S-00200b  which  specifies  standard  tests  for 
pavement  joint  sealing  materials.  This  standard  describes  the  use  of  the  weatherometer 
for  accelerated  aging  of  laboratory  samples.  Short-term  aging  is  described  as  one  day  of 
weatherometer  aging  using  20  cycles  jf  the  following  chamber  conditions: 

51  minutes  UV  light,  then 
9  minutes  UV  light  with  water  spray 

60  minutes  total  cycle  time  (MOT  chamber  temperature  during  entire 
conditioning  period) 


25 


This  20  cycle  test  is  conducted  in  one  day's  time.  Long-term  aging  is  simulated  by  repealing 
this  same  test  for  eight  days  under  the  same  conditions.  Both  the  one  day  and  eight-day  tests 
were  conducted  in  this  study. 


SUMMARY  OFTLST  RL.SLITS 


The  results  of  the  Phase  1  binder  tests  are  listed  in  Table  1.  By  comparing  the  Phase  1 
test  results  of  the  asphalt-rubber  binders  to  the  lest  results  of  the  asphalt  cements,  several 
performance  predictions  were  formulated  The  viscosity  tests  indicated  that  the  asphalt 
rubber  binders  tend  to  be  less  temperature  susceptible  and  that  higher  than  normal  mixing 
and  compaction  temperatures  would  likely  be  necessary  to  handle  these  highly  viscous 
binders.  Both  penetration  tests  supported  the  conclusion  that  asphalt-rubber  binders  offer 
reduced  temperature  susceptibility  across  a  wide  range  of  typical  pavement  service 
temperatures.  The  ductility  test  proved  to  be  unsuitable  for  testing  asphalt  rubber  binders, 
therefore  providing  no  comparative  analysis  The  softening  point  test  results  strongly 
suggested  that  the  addition  of  rubber  to  asphalt  cement  would  signilicantly  reduce  the 
chances  of  a  HMA  pavement  becoming  lender  and  unstable  in  warm  climates  The  resiliency 
test  highlighted  the  superior  elastic  properties  of  the  asphalt-rubber  binders,  indicating 
improved  pavement  durability  and  elastic  recovery  potential. 

TABLE  1 


PHASE  I  BINDER  TEST  RESULTS 


TEST 

AC-5 

AC-20 

AC-40 

AC-5RE 

AC-5R 

AC-20R 

Kin  Via,  27S”F  (Cat) 

141 

265 

358 

NT 

NT 

NT 

Abs  Vis,  140°F  (P) 

654 

2390 

4575 

2027 

3221 

5773 

194°F 

40 

135 

173 

570 

1980 

1040 

Brookfield  221°F 

18 

20 

30 

215 

243 

233 

Vis  (P)  250"F 

4 

8 

7 

170 

155 

185 

27  5°F 

3 

4 

6 

83 

88 

93 

194”F 

10 

40 

80 

350 

150 

350 

Haake  221°F 

3 

18 

25 

175 

125 

180 

Vis  { P )  250°F 

2 

6 

9 

125 

112 

137 

27  5°F 

1 

4 

8 

100 

105 

125 

Penetration  (0.1  mm) 

200g,  60  sec,  39°F 

40 

15 

14 

63 

39 

20 

lOOg,  5  sec,  77°F 

114 

44 

27 

125 

85 

40 

Cone  Pen  (0.1  mm) 

200g,  60  sec,  39°F 

63 

27 

10 

94 

58 

25 

ISOg,  S  sec,  77°F 

101 

35 

21 

111 

71 

38 

Ductility  (cm) 

5  cm/min,  39"F 

0 

0 

0 

25.4 

22.5 

0.9 

5  cm/min,  77”F 

150  + 

150  + 

150  + 

18.7 

20.2 

35.0 

Softening  Pt.  (°F) 

112 

129 

134 

133 

143 

151 

Resiliency  (%  Rec. ) 

-40 

-9 

-4 

-20 

11 

32 

Note:  NT  =  No  Teat 
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The  results  of  the  Phase  U  accelerated  aging  tcMs  are  listed  in  Table  2.  The  aged  viscosity  tests 
conducted  during  Phase  II  of  this  study  indicated  that  the  asphalt  rubber  hinders  age-hardened  about 
50  percent  less  than  their  unmodified  asphalt  cement  counterparts.  The  AC-5RF  showed  increased 
age-hardening  in  the  viscosity  test,  however,  and  this  was  attributed  to  the  evaporation  of  the 
extender  oil  additive.  The  aged  penetration  tests  supported  the  implication  that  asphalt  rubber 
binders  are  less  susceptible  to  all  types  of  age-hardening  No  significant  change  in  softening  point  was 
measured  for  any  of  the  test  binders  under  any  aging  condition.  The  asphalt  rubber  binders  endured 
more  weight  loss  as  a  group  when  compared  to  the  asphalt  cement  binders.  This  was  theorized  to  have 
been  caused  by  the  evaporation  of  a  small  amount  o!  petroleum-based  oil  found  in  the  tire  rubber,  but 
the  amount  of  weight  loss  did  not  appear  to  significantly  allect  the  other  aging  properties. 

TABI.K  2 


PHASE  It  ACCELERATED  AGING  TEST  RESULTS 


Test 

AC  -5 

AC  20 

AC’  40 

AC -5  RE 

AC  SR 

AC  2 OR 

140‘F  Viscosity  (PI 

Original 

654 

2390 

1575 

2027 

322  1 

5773 

TFOT  Residue* 

1  196 

4  1  69 

8532 

4  1 89 

4302 

8535 

WO  Res.  1  day" 

814 

2709 

•1872 

3766 

4075 

6252 

WO  Res.  8  clays 

984 

2983 

5453 

3837 

4  i  58 

6330 

77'F  Penetration  (0.1mm) 

Original 

1  14 

14 

27 

85 

125 

40 

TFOT  Residue 

74 

29 

20 

67 

102 

36 

WO  Res.  1  day 

89 

37 

21 

68 

105 

42 

WO  Res.  8  days 

75 

35 

23 

60 

99 

38 

Softening  Point  ('F) 

original 

1  12 

1  29 

134 

1 43 

133 

151 

TFOT  Residue 

1  17 

131 

138 

147 

132 

148 

WO  Res.  1  clay 

1  15 

130 

1  36 

149 

134 

149 

WO  Re-.  8  days 

120 

132 

139 

146 

137 

154 

Weight  Loss  (%)  ‘ 

TFOT  Residue 

0.45 

0.  14 

0.  1 6 

0.82 

1.04 

0.53 

WO  Res.  1  day 

-0.06 

0.04 

0.05 

0  0! 

-0  01 

0.07 

WO  Res.  8  days 

-24  2 

0.40 

-0.20 

-0.08 

0.01 

0.16 

•  TFOT  represents  thin  film  oven  test  aging 
b  WO  represents  weatherometer  aging 
'  Negative  weight  loss  represents  weight  gain. 


Conclusions 

Based  on  the  results  of  this  study,  the  following  conclusions  were  made  on  the  physical 
properties  of  asphalt-rubber  binders  and  their  potential  effectiveness  when  used  in  HMA 
pavements: 

1.  The  addition  of  16  to  17  percent  ground  reclaimed  rubber  to  an  asphalt  cement  will 
increase  the  binder  viscosity  by  1(K)  to  2(XX)  percent,  depending  upon  the  tost  method  and 
test  temperature. 
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2.  Differing  grades  of  asphalt-rubber  binders  produced  with  similar  dosage  levels  of  the 
same  rubber  have  very  similar  viscosities  above  200’F.  This  indicates  that  above 
about  200T,  the  viscosity  of  the  binder  is  controlled  by  the  rubber  and  below  2(K)‘F, 
the  base  asphalt  cement  has  a  significant  influence  on  binder  viscosity. 

3.  The  addition  of  reclaimed  rubber  improved  low-temperature  binder  properties  and 
reduced  overall  temperature  susceptibilities  as  indicated  by  the  penetration  tests 

4.  The  ductility  test  is  unsuitable  for  testing  the  type  of  asphalt-rubber  binders 
represented  in  this  study. 

5.  Softening  points  are  increased  by  approximately  20  to  30*F  by  the  addition  of  16  to 
17  percent  reclaimed  rubber.  This  means  that  asphalt-rubber  HMA  pavements 
should  be  less  susceptible  to  traffic  induced  deformation  distresses  at  high 
temperatures. 

6.  Asphalt-rubber  binders  have  higher  elastic  recovery  potentials  than  unmodified 
asphalt  cement  binders. 

7.  Asphalt-rubber  binders  harden  50  percent  less  than  asphalt  cement  binders  when 
aged  by  the  thin  film  oven  test.  This  means  that  the  viscous  properties  of  asphalt- 
rubber  binders  would  be  much  more  stable  at  the  asphalt  mixing  plant.  The 
exception  to  this  is  when  an  extender  oil  is  added  with  the  rubber  to  the  asphalt 
cement,  as  a  significant  portion  of  extender  oil  will  vaporize  at  normal  HMA  plant 
temperatures,  causing  sizeable  increases  in  binder  viscosity. 

8.  Environmental  age-hardening  is  reduced  by  the  addition  of  reclaimed  rubber.  The 
exception  to  this  statement  again  is  when  an  extender  oil  is  added  with  the  rubber. 
Enough  extender  oil  was  lost  during  the  weatherometer  aging  process  to  cause 
comparatively  higher  age-hardening  tendencies  for  the  AC-5RE  test  binder. 

9.  The  penetration  test  evaluation  of  the  aged  binders  supported  the  conclusions 
reached  by  the  aged  viscosity  analysis.  Detrimental  binder  aging  effects  were  reduced 
for  the  asphalt-rubber  binders,  except  when  an  extender  oil  was  used  with  the  rubber 
addition. 

10.  Softening  points  of  the  asphalt  cement  and  asphalt-rubber  binders  was  relatively 
unchanged  by  the  laboratory  aging  processes  used  in  this  study. 

11.  Asphalt-rubber  binders  had  higher  weight  losses  after  thin  film  oven  test  aging  when 
compared  to  the  asphalt  cement  binders,  but  the  amount  of  weight  loss  did  not 
appear  to  significantly  affect  other  aging  properties. 
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Based  on  the  conclusions  derived  from  the  results  of  this  laboratory  study,  the  following 
recommendations  are  made: 

1.  Asphalt-rubber  binders  can  be  used  in  HMA  pavements  to  achieve  any  or  all  of  the 
following  pavement  performance  improvements: 

a.  Reduced  temperature-susceptability 

b.  Reduced  low-temperature  cracking  potential 

c.  Reduced  high-temperature  deformation  distress  potential 

d.  Reduced  age-hardening  from  plant  mixing  temperatures  and  from  exposure 

to  the  environment 

2.  Any  asphalt  cement  grade  between  the  AC-5  and  AC-20  viscosity  grades  may  be 
used  in  the  production  of  asphalt-rubber  binders.  A  good  rule  of  thumb  to  follow  in 
selecting  the  proper  grade  of  asphalt  cement  is  to  use  one  grade  lower  than  what  is 
normally  used.  For  instance,  if  an  AC-20  is  normally  specified,  then  an  AC-10  with 
rubber  may  be  substituted.  The  use  of  extender  oils  with  these  binders  will  reduce 
viscosity,  but  may  detrimentally  effect  the  aging  properties  and  other  benefits 
achieved  by  the  addition  of  reclaimed  rubber. 

3.  Although  the  type  and  dosage  level  of  reclaimed  rubber  used  in  this  study  is 
representative  of  the  current  technology,  additional  research  needs  to  be  conducted 
to  evaluate  the  effects  of  different  rubber  reclaiming  processes  and  dosage  levels  in 
the  binder. 
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SUMMARY  REPORT 


TENSILE  CREEP  COMPARISON 
OF 

ASPHALT  CEMENT  AND  ASPHALT-RUBBER  BINDERS 


General 

This  report  summarizes  the  report  "Tensile  Creep  Comparison  of  Asphalt  and  Asphalt-Rubber 
Binders"  by  Kent  Hansen  and  Anne  Stonex,  October  1991.  Selected  figures  and  tables  from  the 
complete  report  are  provided  to  back  up  the  conclusions  of  the  report. 

Testing  and  Evaluation 

Tensile  creep  testing  was  performed  on  the  three  asphalt  cements  and  three  asphalt- rubber 
binders  used  in  the  CPAR  Asphalt-Rubber  study.  The  testing  was  performed  using  procedures 
reported  by  Coetzee  and  Monismith1.  Testing  was  performed  at  four  temperatures  (22°F, 
39.2°F,  55°F  and  77°F)  in  a  modified  ductility  bath  with  a  static  load  applied  using  a  pulley 
system.  Figures  1  and  2  show  the  testing  configuration  used. 

Loads  were  selected  to  achieve  a  strain  of  20  to  40  percent  at  1 ,000  seconds.  All  asphalt  cement 
samples  had  brittle  failures  at  22°F  before  achieving  the  desired  strain.  Of  all  the  asphalt-rubber 
samples,  only  the  AC-20R  did  not  achieve  the  desired  strain  when  tested  at  the  maximum  load 
of  the  test  equipment.  The  AC-20R  was  still  elastic  and  did  not  fail  at  this  load.  Tables  A-9 
and  A- 13  are  provided  to  illustrate  this  condition  and  show  recorded  and  calculated  data. 

After  loading  for  1 ,000  seconds  the  load  was  removed  and  the  samples  allowed  to  rebound.  The 
asphalt-rubber  samples  averaged  24  percent  recoverable  strain.  The  AC-5R,  which  had  the 
highest  rubber  content  (17%),  also  averaged  the  highest  recoverable  strain,  28%.  The  AC-5RE 
and  AC-20R,  which  had  the  same  amount  of  rubber  (16%),  averaged  23%  and  21  %  recoverable 
strain,  respectively.  The  asphalt  cement  samples  did  not  rebound. 

The  plots  and  regression  analysis  of  the  individual  test  results  for  stiffness  modulus  versus  time 
indicated  that  the  test  is  repeatable.  Variations  are  greater  for  the  unmodified  asphalt  cements 
at  low  temperatures.  This  is  probably  due  to  the  low  strain  levels  and  accuracy  of  the 
measurements.  Figures  B-l  and  B-21  are  attached  to  show  the  range  of  test  variations.  Plots  of 
the  average  stiffness  modulus  versus  time  for  the  AC-5  +  Rubber  and  AC-20  are  presented  in 
Figures  C-2  and  C-5,  respectively. 


1  Coetzee,  N.F.,  and  Monismith,  C.L.,  "Analytical  Study  of  Minimization  of  Reflective 
Cracking  in  Asphalt  Concrete  Overlays  by  use  of  a  Rubber  Asphalt  Interlayer", 
Transportation  Research  Record  700,  1979,  pp.  100-108. 
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Variations  in  the  slope  of  the  modulus  versus  time  plots  for  the  average  test  results  are  small  for 
the  different  temperatures.  Variations  in  the  slope  are  primarily  a  function  of  the  strain  rate. 
A  plot  of  the  regression  constant  "b"  versus  strain  at  1,000  seconds  shows  a  correlation  between 
the  strain  rate  and  slope  of  the  modulus  verses  time  plot  for  most  of  the  binders  tested.  This  plot 
is  presented  on  Figure  B-23. 

Plots  of  the  stiffness  modulus  versus  temperature  at  1 ,000  seconds  show  decreased  temperature 
susceptibility  of  the  asphalt-rubber  binders.  The  asphalt-rubber  binders  show  increased  stiffness 
at  higher  temperatures  and  decreased  stiffness  at  low  temperatures  when  compared  to  the  base 
asphalts.  These  plots  are  presented  in  Figures  D-3,  D-4  and  D-5. 

Conclusions 

Asphalt-rubber  binders  show  significantly  less  temperature  susceptibility  than  conventional 
asphalt  cement.  The  addition  of  rubber  increases  the  high  temperature  stiffness  of  the  binder 
and  improves  the  low  temperature  flexibility.  The  high  temperature  improvements  are  shown 
in  the  plot  of  the  stiffness  modulus  versus  temperature.  The  improved  low  temperature 
flexibility  is  also  shown  on  the  graphs,  but  is  best  indicated  by  the  fact  that  all  the  asphalt 
cement  samples  had  brittle  failures  at  low  temperatures  while  all  the  asphalt-rubber  samples 
remained  flexible. 

Similar  high  temperature  stiffness  may  be  achieved  with  an  asphalt-rubber  produced  with  an 
asphalt  cement  two  to  three  grades  softer  than  the  neat  asphalt-cement.  This  is  best  shown  by 
modulus  versus  temperature  plots  where  both  the  AC-5R  and  AC-20R  are  stiffer  than  the  AC-40 
above  85°F.  The  low  temperature  properties  are  much  better  for  the  asphalt-rubber  samples  than 
the  straight  AC-40. 


Dia  x  8"  Long  Closed  Cell  Polyethylene  (2  Pieces) 


Figure  1.  Diagram  of  Float  and  Sample  Positioning 


Pulley 
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Figure  2:  Creep  Test  Loading  System 


TABLE  A-9 

Constant  Load  Creep  Evaluation  Data 
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Constant  Load  Creep  Evaluation  Data 
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Chapter  4 


Summary  Report 
of 

Comparison  of  Mix  Design  Methods 
for  Asphalt-Rubber  Concrete  Mixtures 


by 


Mary  Stroup-Gardiner,  Research  Faculty 
Neil  Krutz,  Research  Associate 
Jon  Epps,  Ph.D.,  P.E.  Dean 
Civil  Engineer  Department 
University  of  Nevada,  Reno 


Over  the  past  few  decades,  the  optimum  asphalt  content  of  asphalt  concrete  paving 
mixtures  has  been  selected  from  either  the  Marshall  or  Hveem  procedure.  Each  procedure 
uses  a  series  of  laboratory  tests  to  select  the  optimum  asphalt  content.  This  selection  is  based 
upon  satisfying  the  following  objectives: 

1.  Limiting  permeability. 

2.  Providing  room  for  additional  traffic  densification. 

3.  Insuring  adequate  strength  for  carrying  traffic  loads. 

4.  Resisting  excessive  permanent  deformation. 

5.  Providing  an  adequate  film  thickness. 

Test  limits  were  selected  subjectively  for  tb^se  objectives  based  upon  the  experience  of 
engineers  and  historical  observations  of  pavement  performance  prior  to  the  1960’s.  This 
experience  and  collection  of  historical  observations  reflect  the  performance  of  typical  (i.e. 
unmodified)  mixtures  at  lower  tire  pressures,  and  lighter  truck  payloads.  When  this  basis  for 
the  design  limits  is  considered,  two  important  questions  need  to  be  asked: 

1.  “Can  these  conventional  methods  be  used  with  modified  mixtures  to  select 
the  optimum  asphalt  content? 

2.  “Do  the  limits  established  for  these  mix  design  methods  apply  to  modified 
mixtures?” 


BACKGROUND 


Previous  research  pertaining  to  mix  designs  for  asphalt-rubber  concrete  have  indicated 
potential  changes  in  compaction  temperature,  flow  limits  (Marshall  mix  design),  and  air 
voids  criteria  are  necessary.  Suggested  compaction  temperatures  reported  in  the  literature 
are  2'75-300T  (Crafco,  Texas  A&M),  325-350'F  (Vallerga),  375*F  (Shuler).  (1 ,2,3,4)  Crafco, 
Inc.  suggests  increasing  the  flow  limits  to  24  for  light  traffic,  22  for  medium  traffic,  and  20  for 
heavy  traffic.  (1)  Mr.  Vallerga  suggests  increasing  the  flow  limit  to  20.  (3) 

Criteria  for  acceptable  air  voids  differs  substantially.  Crafco,  Inc.  suggests  that  the  limits 
be  tightened  to  3  to  4  percent.  (1)  If  these  limits  are  not  met,  then  adjustments  for  aggregate 
gradation  or  rubber  size  are  recommended.  A  recent  research  program  conducted  by  Texas 
A  and  M  University  reported  using  air  voids  of  7  percent  as  acceptable  criteria.  (2) 

All  of  the  information  obtained  from  the  literature  was  based  upon  the  Marshall  mix 
design.  Conversations  with  personnel  from  Nevada  Department  of  Transportation,  and 
California  Department  of  Transportation  indicated  that  compaction  temperatures  for  the 
Hveem  method  were  elevated  to  around  300‘F  from  the  standard  230*F.  However,  Crafco, 
Inc.  reported  limited  Hveem  stability  testing  done  with  samples  compacted  at  230°F  yielded 
satisfactory  results. 
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fiimust 

t'he  extended  research  program  will  include  four  phases  of  work  and  w  ill  evaluate 

Phase  1  Idle  use  of  conventional  mix  design  methods  for  determining  the  optimum 
asphalt  content  for  asphalt  rubber  mixtures. 

Phased  Permanent  deformation  characteristics  between  asphalt-rubber  and 
unmodified  mixtures. 

Phase  3.  Fatigue  characteristics  for  asphalt- rubber  and  unmodified  mixtures. 

Phase  4:  Low  temperature  cracking  resistance  of  asphalt-rubber  mixtures. 

This  paper  will  present  the  outcome  of  the  Phase  1  research.  The  incorporation  of 
fundamental  material  properties  (i.e.  resilient  modulus  and  tensile  strength)  will  be  added  to 
the  mix  design  procedures  when  possible.  These  tests  were  included  in  the  anticipation  of 
their  proxiding  help  in  recommending  adjustments  for  current  mix  design  parameters 

Stag* 

Mixture  variables  included  in  the  Phase  1  research  program  were: 

1  Jne  aggregate 

2.  An  AC-5  and  AC-20 

3  Asphalt-rubber  AC-5  and  AC-20  (16  and  17  percent  by  weight  of  asphalt  cement, 
respectively). 

The  crushed  granite  aggregate  and  the  AC-20  were  selected  from  the  list  of  materials  in 
the  Strategic  Highway  Research  Program  (SHRP)  materials  reference  library.  This  selection 
will  provide  a  future  link  between  the  data  bases  generated  during  this  research  program  and 
the  SHRP  data  base 


so 


Binders 


Both  the  AC-5  and  the  AC-20  asphalt  cement  were  obtained  from  Witco’s  Oildale, 
California  refinery.  The  source  of  crumb  rubber  was  selected  by  the  sponsor  and  the  asphalt- 
rubber  was  mixed  by  Crafco,  Inc.  at  their  Phoenix,  Arizona  laboratory. 

The  physical  properties  of  the  unmodified  asphalt  cement  is  presented  in  Table  1.  The 
appropriate  American  Society  for  Testing  and  Materials  (ASTM)  specifications  are  also 
included  in  this  table  for  comparison. (5)  The  physical  properties  of  the  asphalt-rubber 
cements  are  presented  in  Tables  2  and  3. 

Rubber 

The  rubber  used  in  this  research  program  was  an  ambient  ground  rubber  with  a  rubber 
hydrocarbon  content  of  approximately  45  percent,  and  a  specific  gravity  between  1.100  and 
1.200.  The  particle  size,  along  with  a  gradation  specification  suggested  by  Crafco,  are  shown 
in  Table  4. 

Aggregate 

The  aggregate  was  obtained  from  Granite  Rock  Co.,  in  Watsonville,  California.  This 
material  is  a  100  percent  crushed  aggregate  with  no  history  of  stripping  (i.e.  debonding  of 
asphalt  from  aggregate)  problems.  The  physical  properties  are  presented  in  Table  5. 

The  gradation  used  to  prepare  the  laboratory  samples  is  shown  in  Table  C  and  Figure  1 . 
This  gradation  was  chosen  to  meet  ASTM  D3315  1/2-inch  dense  mixture,  Nevada  Type  2, 
and  California  1/2-inch  medium  specifications  (also  shown  in  Table  6). 

The  combined  gradation  of  both  the  aggregate  and  the  rubber  particles  are  also  shown 
in  Figure  1. 


SAMPLE  PREPARATION  AND  TESTING  SEQUENCE 
Marshall  Mix  Design 

Sample  preparation  and  testing  was  completed  according  to  ASTM  D1 559.(5)  Two 
exceptions  were  made  in  the  ASTM  D1559  procedure.  First,  the  material  was  placed  in  a 
275T  oven  for  1-hour  after  mixing  and  before  compacting  to  insure  that  the  mixture  was  at 
the  appropriate  compaction  temperature.  Secondly,  the  compacted  modified  samples  were 
allowed  to  remain  in  the  molds  overnight, 
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placed  in  230°F  for  5  minutes,  then  extruded.  'ITiis  delay  in  extrusion  was  to  ensure  that 
there  was  no  volumetric  increase  in  sample  size  due  to  the  rebound  properties  of  the  rubber. 

The  testing  sequence  was: 

1.  Mixing,  compaction  (50  blows  per  side,  by  hand),  and  extrusion  of  samples 

2.  Cooled  to  77°F  and  heights,  resilient  modulus  (ASTM  04125)  and  bulk 
specific  gravity  (ASTM  D2726)  determined. 

3.  Samples  were  then  placed  in  a  140°F  water  bath  for  a  half  hour  Marshall 
stability  and  flow  were  determined  (ASTM  D1559). 

4.  Theoretical  maximum  specific  gravity  (ASTM  D2041)  was  determined  on 
extra  material  retained  during  mixing. 

The  resulting  data  was  evaluated  according  to  the  criteria  for  stability,  flow,  unit 
weight,  air  voids,  and  VMA  described  in  the  Asphalt  Institute's  Manual  Series  No.  2, 

The  resilient  modulus  was  determined  with  a  Rcisina  Mark  IV  device  that 
dynamically  loads  a  diametrically  positioned  sample  for  0.1  seconds  every  3  seconds. 

Hveem  Mix  Design 

ASTM  D1560  and  D1561:  Samples  were  originally  prepared  in  accordance  with 
ASTM  D1561  and  tested  according  to  ASTM  D1560.(5)  The  only  exception  to  either  test 
method  was  that  the  samples  were  extruded  after  the  leveling  load  and  cooled  to  77°F  for 
resilient  modulus  testing.  The  following  sequence  for  sample  preparation  and  testing  was 
used: 

1.  Mixing,  compaction  (20  blow  at  250  psi,  150  at  500  psi),  leveling  load  (12,600 
pounds)  and  extrusion  of  samples. 

2.  Samples  were  then  cooled  to  77°F  and  the  sample  height,  resilient  modulus 
(ASTM  D4125)  and  bulk  specific  gravity  (ASTM  D2726)  determined. 

3.  Samples  were  placed  in  a  140°F  oven  for  2  hours,  then  the  Hveem  stability 
was  determined. 

4.  Samples  were  cooled  to  77°F,  then  the  tensile  strength  was  determined 

5.  Theoretical  maximum  specific  gravity  was  then  determined. 

Evaluation  of  test  results  from  this  procedure  yielded  unacceptable  test  results. 
Based  upon  this  information,  a  decision  to  increase  the  compaction  temperature  from  the 
traditional  230°F  to  300°F  was  made.  This  temperature  is  consistent  with  previous  field 
compaction  temperatures  reported  by  Crafco,  Inc. 

Samples  were  extruded  immediately  after  the  leveling  load  was  applied;  samples 
were  not  cooled  down  prior  to  extrusion. 

Modification  to  Compaction  Procedure:  Samples  were  mixed,  and  placed  in  a  300°F 
oven  for  three  hours.  Samples  were  then  compacted,  extruded,  and  tested  as  outlined  above. 
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ANALYSIS  OF  TEST  RESULTS 


The  analysis  will  be  presented  in  five  sections: 

1 .  Marshall  mix  design. 

2.  Hveem  mix  design. 

3.  Comparison  between  mix  design  methods. 

4.  Testing  concerns. 

5.  Additional  testing  (i.e.  resilient  modulus  and  tensile  strength). 

Table  7  presents  the  design  criteria  as  presented  in  the  Asphalt  Institutes  Manual  Series 
No.  2, 1984  for  both  the  Marshall  and  Hveem  mix  designs  for  medium  traffic  conditions.  (6) 

Marshall  Mix  Design 

Table  8  and  Figures  2  and  3  present  the  test  results  for  both  the  unmodified  and 
modified  mixtures.  It  can  be  seen  that  the  addition  of  rubber  tends  to  reduce  the  stability 
and  unit  weight,  while  increasing  the  voids  in  mineral  aggregate  (VMA)  and  flow.  Similar 
levels  of  air  voids  can  be  obtained.  These  trends  are  consistent  with  other  research  findings 
and  are  expected. 

It  is  interesting  to  note  that  a  mixture  with  originally  unacceptable  VMA  (Figure  2)  can 
be  remedied  by  the  addition  of  rubber.  This  is  most  likely  a  result  of  greater  film  thickness 
due  to  the  increased  viscosity  and  less  absorption  of  the  binder  by  the  aggregate. 

The  increased  flow  values  while  greater  than  the  mix  design  limits,  should  be  expected. 
Asphalt-rubber  materials  should  be  expected  to  exhibit  greater  ability  to  deform  prior  to 
failure. 

Based  on  these  limited  test  results,  it  appears  that  only  the  flow  criteria  for  the  Marshall 
mix  design  needs  to  be  increased  with  asphalt-rubber  materials.  Asphalt-rubber  mixtures  can 
be  formulated  to  meet  all  of  the  other  design  criteria. 

Hveem  Mix  Design 

Tables  9  and  10,  and  Figures  4  through  7  present  the  test  results  for  this  testing. 
Mix  design  samples  were  originally  prepared  according  to  the  conventional  mix 
design  procedure  prescribing  a  230”F  compaction  temperature.  This  data  is  presented 
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in  Table  9  and  it  can  be  seen  that  the  majority  of  the  test  results  are  unacceptable. 


A  second  set  of  mix  design  samples  was  prepared  using  a  compaction  temperature  of 
300*F.  The  results  of  this  testing  are  shown  in  Table  10.  A  comparison  of  test  results  for  the 
different  compaction  temperatures  is  shown  in  Figures  4  and  5.  In  general,  the  higher 
compaction  temperature  can  reduce  stability  and  air  void  values.  The  impact  of  compaction 
temperature  on  VMA  and  unit  weight  varies  between  AC  5  and  AC  20  modified  mixtures. 

Based  upon  this  comparison,  the  300‘F  compaction  temperature  for  modified  mixtures 
was  chosen  for  the  selecting  the  optimum  asphalt  content  and  any  further  comparisons  of 
data. 

Modified  mixtures  tend  to  exhibit  a  reduction  in  stability,  similar  to  the  trend  observed 
in  the  Marshall  mix  design.  However,  the  impact  of  rubber  on  the  unit  weight,  VMA,  and  air 
voids  varies  with  the  base  asphalt.  While  the  trends  varied  between  base  binders,  acceptable 
ranges  of  air  voids  were  obtained  with  both  modified  mixtures.  Neither  modified  mixture 
met  the  Hveem  stability  limits. 

This  failure  of  modified  mixtures  to  meet  the  traditional  Hveem  stability  limits  while 
being  able  to  meet  Marshall  stability  requirements  should  be  expected  and  can  be  explained 
by  the  differences  in  the  tests.  Marshall  stability  is  a  measure  of  ultimate  material  strength 
while  Hveem  stability  is  a  measure  of  the  material’s  ability  to  deform  laterally  for  a  given 
vertical  load.  Given  the  deformable  nature  of  rubber,  it  should  be  expected  that  asphalt- 
rubber  mixtures  will  deform  more  for  a  given  load,  thereby  reducing  the  Hveem  stability 
values.  On  this  basis,  it  is  suggested  that  lower  Hveem  stability  limits  than  those  traditionally 
used  could  still  produce  acceptable  mixtures. 

Comparison  Between  Marshall  and  Hveem  Mix  Designs 

Figure  8  shows  a  comparison  of  the  optimum  asphalt  contents  selected  for  each  mix 
design.  It  can  be  seen  that  adding  rubber  to  the  mixtures  increases  the  optimum  asphalt 
content,  regardless  of  mix  design  method.  In  general,  there  appears  to  be  a  variation  of  ±  0.5 
percent  optimum  asphalt  content  between  the  mix  design  methods,  regardless  of  type  or 
modification  of  binder. 

Testing.Cooge.riis 

One  of  the  concerns  expressed  during  this  research  program  was  the  potential 
volumetric  expansion  of  the  sample  after  extrusion  due  to  the  ability  of  the  rubber  to 
rebound.  A  limited  investigation  of  this  phenomena  was  investigated. 
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Both  one-dimensional  expansion  of  the  sample  in  the  mold  and  three-dimension 
expansion  of  extruded  samples  was  examined.  A  soil  consolidation  gauge  was  used  to 
measure  the  expansion  of  a  sample  in  a  mold  both  immediately  after  compaction  and  after 
storage  at  77’F  for  24  hours.  The  average  expansion  of  the  modified  AC  5  was  30/10,000  of 
an  inch.  It  is  felt  that  this  was  an  insignificant  volume  change. 

Hveem  compacted  modified  AC  5  samples  were  extruded  immediately  after  the  leveling 
load  was  applied.  Table  11  shows  the  results  for  two  of  these  samples.  Heights  were 
measured  four  times  around  the  sample  and  the  diameter  was  measured  twice  for  each  of  the 
top  and  bottom.  Again,  it  can  be  seen  that  the  volume  change  appears  to  be  insignificant. 

Fundamental  Material  Properties 

Figures  9  and  10  present  the  results  of  both  the  resilient  modulus  and  tensile  strength 
testing  for  samples  compacted  at  the  optimum  asphalt  cement  content.  Figure  9  shows  that 
modified  mixtures  significantly  decrease  material  stiffness  at  the  colder  temperatures.  The 
material  stiffness  is  either  unaffected  or  significantly  increased  at  the  warmer  temperatures. 

These  trends  indicate  that  modified  mixtures  can  be  beneficial  in  reducing  thermal 
cracking  by  reducing  material  stiffness  at  cold  temperatures.  It  also  indicates  that  rutting  (i.e. 
permanent  deformation)  can  be  decreased  by  increasing  material  stiffness  at  the  warmer 
temperatures.  Further  research  in  the  areas  of  fatigue  testing  and  permanent  deformation 
will  be  necessary  to  ascertain  the  magnitude  of  the  benefits  obtained  from  these  rubberized 
materials. 

Figure  10  shows  the  tensile  strengths  of  both  unmodified  and  modified  mixtures.  It  can 
be  seen  that  the  addition  of  rubber  results  in  a  slight  decrease  in  tensile  strengths. 

CONCLUSIONS 

This  research  program  supports  the  following  conclusions: 

1.  Marshall  mix  design.  Asphalt-rubber  mixtures  can  be  expected  to  exhibit  lower 
stability  and  unit  weights,  and  higher  VMA  and  flow  than  unmodified  mixtures;  four 
percent  air  voids  can  be  obtained  with  asphalt-rubber  mixtures.  It  is  recommended 
that  the  flow  limits  be  increased;  previous  suggestions  of  22  to  24  for  flow  appear  to 
be  reasonable. 
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2. 


Hvecm  mix  design.  An  increase  in  compaction  temperature  from  230  to  300'F 
produces  mixtures  that  can  meet  the  majority  of  the  traditional  Hveem  mix  design 
criteria.  The  Hveem  stability  limits  should  be  lowered  because  of  the  increased 
lateral  deformation  per  given  load  that  is  obtained  with  the  presence  of  rubber. 

Comparison  of  mix  design  methods.  Rubber  appears  to  increased  the  optimum 
asphalt  cement  content,  regardless  of  mix  design  method.  Variations  of  +  0.5  percent 
asphalt  were  noticed  between  the  two  methods,  regardless  of  binders  or  modifiers. 

4.  Testing  concerns.  It  appears  that  the  volumetric  increase  in  the  sample  size  is 
insignificant  when  the  samples  are  extruded  immediately  after  compaction.  However, 
this  conclusion  is  based  on  limited  results  and  should  be  explored  more  extensively. 

5.  Fundamental  material  properties.  A  significant  reduction  in  material  stiffness  at  cold 
temperatures  is  obtained  when  rubber  is  added  to  the  mixture.  Material  stiffness  can 
possibly  be  increased  at  warmer  temperatures  with  the  addition  of  rubber.  The 
addition  of  rubber  tends  to  result  in  a  slight  reduction  in  tensile  strengths. 
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Table 


1 


Physical  Properties  of  Rubber  Used  in  Preparing 
Modified  Binders 


Test 


Baker  IGR-24 


Manufacturer 

Recommendations 


Particle  Size 


#10 

100 

100 

#16 

99.8 

100 

#30 

78.0 

70  -  100 

#40 

48.8 

— 

#50 

26.6 

— 

#80 

9.2 

0-20 

#100 

6.6 

— 

#200 

0.2 

0-5 
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Table  2:  Comparison  Between  Laboratory  Gradation  Used  to  Prepare 
Samples  and  Several  Specification  Limits 


Sieve  Sizes 

Lab.  Grad. 

ASTM  D3315 
1/2"  Dense 

Nevada 
Type  2 

California 
1/2"  Med. 

Cumulative  Percent 
Passing,  % 

3/4" 

100 

100 

90-100 

100 

1/2" 

98 

90-100 

— 

89-100 

3/8" 

85 

— 

63-85 

75-100 

#4 

58 

44-74 

45-63 

51-74 

#8 

40 

28-58 

— 

35-57 

#10 

-- 

— 

30-44 

— 

#16 

28 

— 

— 

— 

#30 

20 

— 

— 

14-35 

#40 

— 

— 

16-24 

— 

#50 

14 

5-21 

— 

— 

#100 

9 

— 

— 

— 

#200 

5 

2-10 

3-9 

0-11 
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#200  #100  #50  #30  #15  #«  #+  3/8*'  1/2"  3/4" 

Sieve  Size 


Figure  1  :  Gradations  Used  for  Mixtures  Including  Rubber  As 
An  Aggregate  in  the  Modified  Gradation. 


GO 


Unit  Weight,  pcf  How.  0.1  In.  Marshal^Stabtltty^lb. 


Percent  Asphalt  (TWM) 


Percent  Asphalt  (TWM) 


Unit  Weight,  pcf 


Percent  Asphalt  (TWM) 


Percent  Asphalt  (TWM) 


Percent  Asphalt  (TWM) 


o  Unmodified  AC-5 

+  Modified  AC-5 
(16%  Rubber) 


Figure  2  :  Results  from  Marshall 
Mix  Design  for  Modified  and 
Unmodified  AC-5 
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Hvssm  Stability 


Psrcsnt  Asphalt  (TWU)  Psrosnt  Asphalt  (TWM) 


Psrosnt  Asphalt  (TWU)  Psrcsnt  Asphalt  (TOM) 


o  Compaatsd  at  230F 


+  Compaatsd  at  300F 


Figure  3 1  RssuHs  from  Hvssm 
Msthod  of  Compaction  For  Modfftod 
AC  5  Whsn  Compaatsd  At  230  and 
300  Dsgrsss  Fahrsnhstt 
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Chapter  5 
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by 
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Mary  Stroup-Gardiner,  Research  Faculty 
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ABSTRACT 


In  recent  years,  modified  asphalt  mixtures  have  become  increasingly  popular  in  the 
construction  of  flexible  pavements.  These  products  have  gained  popularity  because  of  their 
ability  to  increase  resistance  to  rutting  at  warm  temperatures  while  reducing  the  occurrence  of 
thermal  cracking  at  cold  temperatures.  This  coupled  with  the  growing  problem  of  waste  rubber 
tires,  has  lead  to  the  reprocessing  (grounding)  of  tire  rubber  for  use  in  asphalt  concrete  mixtures. 

In  order  to  investigate  the  warm  temperature  rutting  hypothesis,  a  laboratory  research 
program  utilizing  both  static  and  repeated  load  permanent  deformation  tests,  carried  out  at  two 
temperatures  (77°F  and  104°F),  was  designed  in  order  to  assess  the  potential  benefits  of 
rubberized  asphalt  concrete  mixtures. 

Conclusions  from  this  research  indicated  that  the  addition  of  ground  tire  rubber  to  asphalt 
concrete  mixtures  results  in  mixtures  that  exhibit  less  permanent  deformation  at  high 
temperatures  compared  to  unmodified  mixtures.  The  research  also  indicated  that  permanent 
deformation  testing  should  be  carried  out  at  high  temperatures  under  repeated  loading.  The 
relative  ranking  of  strain  changes  from  77°F  to  104°F  for  both  methods  of  testing  and  static 
testing  indicates  the  presence  of  rubber,  however,  it  does  not  indicate  anything  about  the  base 
asphalt.  The  repeated  load  testing  indicates,  in  a  concrete  manner,  the  differences  that  exist 
between  binders. 
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INTRODUCTION 


In  recent  years,  modified  asphalt  mixtures  have  become  increasingly  popular  in  the 
construction  of  flexible  pavements.  These  products  have  gained  popularity  because  of  their 
ability  to  increase  resistance  to  rutting  at  warm  temperatures  while  reducing  the  occurrence 
of  thermal  cracking  at  cold  temperatures.  This  coupled  with  the  growing  problem  of  waste 
rubber  tires,  has  lead  to  the  reprocessing  (grounding)  of  tire  rubber  for  use  in  asphalt 
concrete  mixtures. 

In  order  to  investigate  this  hypothesis,  a  laboratory’  research  program  was  designed  in 
order  to  assess  the  potential  benefits  of  asphalt-rubber  concrete  mixtures. 

RESEARCH  PROGRAM 

The  extended  research  program  was  designed  to  include  four  phases; 

Phase  1;  The  use  of  conventional  mix  design  methods  for  determining  the  optimum 
asphalt  content  for  asphalt-rubber  mixtures. 

Phase  2:  Permanent  deformation  characteristics  of  asphalt-rubber  and  unmodified 
mixtures. 

Phase  3;  Low  temperature  cracking  resistance  of  asphalt-rubber  and  unmodified 
mixtures. 

Phase  4:  Fatigue  characteristics  for  asphalt-rubber  and  unmodified  mixtures. 

This  report  will  deal  with  the  laboratory  results  from  Phase  2  only.  Phase  1  has  been 
completed  and  reported  in  “Comparison  of  Mix  Design  Methods  for  Asphalt-Rubber 
Concrete  Mixtures”  (1).  Both  Phases  3  and  4  are  currently  being  completed. 

The  scope  of  this  research  program  includes  one  aggregate  source,  one  gradation  and  six 
binders.  The  test  matrix  is  shown  in  Table  1. 

MATERIALS 

Aggregates 

The  aggregates  used  in  this  research  program  were  obtained  from  Granite  Rock 
Company,  located  in  Watsonville  California.  This  material  is  a  100  percent  crushed  granite 
that  has  no  history  of  stripping  problems  with  in-service  pavements.  The  physical  properties 
are  presented  in  Table  2. 
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Type  of  Binder 

Binder  Content  Used  In 
Preparing  Samples 
(%,  Total  Weight  of  Mix) 

UNR  Recommended  Binder 
Content 

(%,  Total  Weight  of  Mix) 

AC5R 

8.5 

7.7 

AC5RE 

8.3 

7.7 

AC20R 

7.9 

7.4 

The  result  of  this  compromise  is  a  binder  rich  mixture.  This  should  he  remembered 
when  assessing  any  of  the  permanent  deformation  data  contained  in  this  report. 

SAMPLE  PREPARATION 

Samples  were  batched  by  first  separating  the  aggregates  into  the  eleven  individual  sizes 
(1/2”,  3/8”,  1/4”,  #4,  #8,  #16,  #30,  #50,  #100,  #200,  fines)  needed  to  prepare  samples,  and  then 
recombined  to  meet  the  desired  gradation.  Washed  sieve  analysis  were  performed  utilizing 
complete  batches  to  ensure  the  gradation  had  been  met. 

After  all  aggregate  preparation  was  completed,  batches  were  selected  at  random  and 
mixed  with  the  selected  binder.  Different  methods  of  mixing  and  compaction  were  used  for 
the  asphalt-rubber  and  unmodified  mixtures.  The  procedure  for  each  method  is  described 
below. 

Unmodified  mixtures  were  mixed  in  accordance  with  ASTM  D  1561(2).  After  mixing, 
samples  were  placed  in  a  HOT  forced  draft  oven  for  fifteen  hours  prior  to  being  reheated  to 
230T  for  compaction.  Eight  inch  in  height  by  four  inch  in  diameter  specimens  were 
compacted  in  thirds  using  a  kneading  compactor.  Each  lift,  or  third,  received  30  blows  at  250 
psi.  Lifts  were  compacted  consecutively  on  top  of  each  other.  After  compaction  of  the  third 
lift,  each  sample  was  placed  in  a  HOT  oven  for  1  1/2  hours  prior  to  the  application  of  a  5,000 
lb.  leveling  load.  Samples  were  allowed  to  cool  before  being  extruded. 

Asphalt-rubber  mixtures  were  mixed  using  the  recommendations  of  Chehovits  (3).  This 
involves  heating  the  aggregate  to  300T  and  the  asphalt-rubber  binder,  regardless  of  base 
asphalt  viscosity,  to  350’F  prior  to  mixing.  Once  again,  after  mixing,  samples  are  placed  in  a 
HOT  forced  draft  oven  for  fifteen  hours  prior  to  reheating  the  samples  for  compaction. 
Samples  using  the  asphalt-rubber  AC-20  were  reheated  to  300'F  for  compaction  while  the 
other  two  asphalt-rubber  mixtures,  AC5R  and  AC5RE,  were  reheated  to  230T.  The  same 
compaction  procedure  as  described  above  was  used  for  the  asphait-rubber  mixtures  with  the 
exception  of  extending  the  1  1/2  hour  cure  time  at  HOT  to  three  hours  for  the  ACTOR. 
Asphalt-rubber  samples  were  allowed  to  cool  before  being  extruded. 
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The  gradation  used  to  prepare  the  mixture  samples  is  shown  in  Table  3.  This  gradation 
was  chosen  to  meet  ASTM  D3315  V2"  dense  mixture,  Nevada  Type  II  and  California  Vi" 
medium  specification  (Table  3).  This  gradation  was  opened  up  slightly  on  the  #30  and  #50  to 
accommodate  the  presence  of  rubber. 

Binders 


The  three  grades  of  neat  asphalt  used  in  this  research  program  were  obtained  from  a 
single  California  Valley  crude  source.  The  binders  used  were: 

Unmodified:  AC-5 

AC-20 

AC-40 

Both  the  AC-5  and  AC-20  were  then  modified  with  crumb  rubber.  The  AC5  was  also  modified 
with  rubber  and  an  extender  oil,  yielding  a  very  soft  third  modified  binder.  The  source  of  crumb 
rubber  Was  selected  by  the  sponsor  w-ith  the  rubber  being  blended  with  the  asphalt  cement  by 
Crafco  Inc.,  located  in  Chandler  Arizona.  The  rubber  used  in  this  research  program  was 
ambient  ground  rubber  having  a  hydrocarbon  content  of  approximately  forty  five  percent  and 
a  specific  gravity  between  1.100  and  1.200.  The  particle  size,  along  with  the  gradation 
specification  suggested  by  Crafco  are  shown  in  Table  4.  The  resulting  modified  binders  were: 

Modified:  AC-5  +17%  Rubber  (AC5R) 

AC-5  +  16%  Rubber  +  5%  Extender  Oil  (AC5RE) 

AC-20  +16%  Rubber  (AC20R) 

OPTIMUM  BINDER  CONTENTS 

In  phase  1  of  this  research,  binder  contents  to  be  used  in  phases  2,  3,  and  4  were  selected 
by  a  committee  that  included  the  sponsor  and  all  of  the  researchers  involved.  These  selections 
were  based  on  mix  designs  conducted  at  both  the  University  of  Nevada,  Reno  and  the  U.S. 
Army  Corps  of  Engineers  Waterways  Experiment  Station  (WES).  Optimum  binder  contents 
for  both  unmodified  mixtures,  AC5  and  AC20,  were  agreed  upon  at  5.3  and  5.7  percent  by  total 
weight  of  mix,  respectively.  However,  there  was  disagreement  as  to  the  binder  content  to  use 
for  each  of  the  modified  mixtures.  As  a  result,  a  compromise  was  made  that  was  agreeable  to 
all  parties  involved  in  the  extended  program.  The  compromise  yielded  binder  contents  that  were 
higher  than  the  UNR  recommended  optimums.  The  following  table  show's  the  binder  contents 
used  and  the  UNR  recommended  binder  content  for  all  modified  mixtures. 


69 


TESTING  METHODS 


After  compaction,  samples  were  allowed  to  cool  overnight  in  a  77‘  I:  room  prior  to  being 
tested  for  bulk  specific  gravity  and  height,  ASTM  D2726  and  D3515,  respectively  (2).  Samples 
w-ere  then  placed  under  a  fan,  again  overnight,  to  remove  any  moisture  that  may  have  penetrated 
the  sample  during  testing.  Samples  were  then  placed  in  an  appropriate  temperature  control 
chamber  to  condition  them  to  the  testing  temperature  to  be  used,  either  77'  F  or  1 04 '  F .  After 
twenty  four  to  thirty  six  hours,  samples  were  tested  for  permanent  deformation  using  one  of  two 
tests.  These  tests  are  described  in  detail  below. 

The  first  of  two  tests  used  was  a  modified  version  of  the  proposed  ASTM  creep  test  (4). 
This  test  involved  static  loading,  uniaxial,  unconfmed,  creep  test.  This  test  incorporated  a  two 
minute  preconditioning  load,  using  the  test  load  magnitude,  followed  by  a  five  minute  rest 
period.  Immediately  following  the  rest  period,  a  static  load  was  applied  for  a  period  of  sixty 
minutes,  followed  by  a  fifteen  minute  unload,  or  rebound,  period,  where  samples  were  allowed 
to  rebound  freely.  Tests  conducted  at  77°F  used  a  static  stress  of  fifty  psi,  and  tests  conducted 
at  104°F  used  a  static  stress  of  twenty  psi. 

The  second  test  used  to  assess  permanent  deformation  was  a  tri-axial,  repeated  loading, 
confined  test.  This  test  procedure  followed  the  interim  testing  guidelines  from  the  SHRP  A- 
003A  contractor  at  the  time  this  testing  was  started.  The  only  change  implemented  by  UNR  was 
the  shortening  of  the  test  time  from  36,000  cycles  (approx.  8  hours)  to  5,200  cycles  (approx. 
1  hour).  The  test  used  a  one  minute  preconditioning  period  followed  immediately  by  a  sixty 
minute  test.  The  repeated  loading  sequence  consisted  of  0.1  second  duration  haversine  pulse, 
followed  by  a  0.6  second  rest  period.  This  sequence  yields  a  testing  frequency  of  1.43  cycles 
per  second.  All  tests  used  a  confining  pressure  of  fifteen  psi.  Tests  conducted  at  77 °F  used  a 
peak  deviator  stress  of  fifty  psi  while  tests  conducted  at  104°F  used  a  peak  deviator  stress  of 
twenty  psi. 

Deformations  were  continuously  measured  for  both  tests  using  two  linear  variable 
differential  transducers  (LVDT’s).  These  LVDT’s  were  instrumented  180°  apart  and  measured 
deformations  over  the  total  sample  height.  These  deformations  were  electronically  averaged  and 
recorded  every  sixty  seconds  throughout  testing. 

The  data  was  then  used  to  calculate  compressive  strains,  for  each  test,  over  the  sample 
height  using  the  following  equation: 

e(t)  -  (d(t)/H ,) 

Where: 

t(t)  =  strain  at  time  t,  in/in 

H0  -  original  height  of  sample,  inches 

d(t)  =  deformation  of  sample  height  at  time  t,  inches 


70 


TESTING  PROGRAM 


A  total  of  seventy  two  samples,  twelve  samples  from  each  of  the  six  types  of  binder, 
were  prepared.  This  allowed  for  three  replicates  to  he  tested  at  each  testing  condition.  The 
testing  conditions  used  were;  static  load  at  77°F,  static  load  at  104°F,  repeated  load  a  77°F 
and  repeated  load  at  104°F.  This  testing  matrix  is  shown  in  Table  1.  The  number  of  samples 
tested  produced  sufficient  data  to  estimate  the  mean,  standard  deviation  and  coefficient  of 
variation  for  each  type  of  mixture  at  each  testing  condition. 

ANALYSIS  OF  TEST  RESULTS 

As  stated  previously,  there  were  two  different  types  of  permanent  deformation  tests 
used  in  this  research  program.  Then  within  each  test,  samples  from  each  of  the  six  mixtures 
were  tested  at  two  different  temperatures.  For  ease  of  discussion,  the  analysis  will  be 
presented  in  the  same  fashion;  first  the  static  test  results  and  then  the  repeated  load  test 
results. 

Analysis  fif  Static  Permanent  Deformation  Testing 

Table  5  shows  the  average,  standard  deviation  (s),  and  coefficient  of  variation  (CV) 
for  the  strain  at  sixty  minutes  (i.e.  strain  at  the  end  of  the  loading  period)  for  all  tests 
completed  at  77*F,  using  the  static  testing  procedure.  The  AC-40  data  has  been  removed 
from  the  data  base  due  to  sample  damage  prior  to  test.  It  can  be  seen  from  this  table  that  the 
CV  is  somewhat  higher  than  desired,  however,  it  is  still  in  the  range  of  acceptable  test  results 
This  table  also  shows  an  average  creep  modulus  for  each  of  the  five  remaining  mixtures.  A 
creep  modulus  of  zero  indicates  that  the  samples  failed  prior  to  sixty  minutes  of  loading. 

Figure  1  shows  the  average  compressive  strain  versus  time  relationship  for  the  77  T 
static  test  results.  Inspection  of  this  figure  shows  that  the  mixtures  behaved  as  expected.  The 
unmodified  mixtures  show  that  the  AC5  samples  fail  at  about  ten  minutes  into  the  test  while 
the  AC20  samples  yield  relatively  low  strains.  The  asphalt-rubber  mixtures  show'  decreasing 
strain  with  increasing  binder  viscosity  (i.e.  AC5R  strains  more  than  AC20R  and  AC5RH 
strains  more  than  AC5R).  It  can  be  concluded  from  this  figure  that  for  this  testing  procedure 
conducted  at  77F,  the  addition  of  rubber  yields  mixtures  that  exhibit  less  deformation  (i.e. 
asphalt-rubber  AC5  strains  less  than  AC5  and  asphalt-rubber  AC20  strains  less  than  AC20). 

Table  6  shows  the  average,  standard  deviation  (s),  and  coefficient  of  variation  (CV) 
for  the  strain  at  sixty  minutes  (i.e.  strain  at  the  end  of  the  loading  period)  for  all  tests 
completed  at  104F,  using  the  static  testing  procedure.  Once  again,  the  AC40  data  has  been 
removed  from  the  data  base  due  to  sample  damage  prior  to  testing.  The  CV  is  again  higher 
than  desired,  however,  it  is  still  in  the  range  of  acceptable  test  results.  This  table  also  shows 
the  average  creep  modulus  for  each  of  the  five  remaining  mixtures.  A  creep  modulus  of  zero 
indicates  that  the  samples  failed  prior  to  sixty  minutes  of  loading. 
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Figure  2  shows  the  average  compressive  strain  versus  time  for  four  of  the  six 
mixtures  from  the  static  testing  at  104°F.  The  ACS  samples  failed  drastically  during  the 
preconditioning  sequence,  leaving  no  data  to  present  for  the  testing  sequence.  This  leaves 
only  one  unmodified  mixture  in  the  figure,  the  AC20.  All  three  curves  for  the  asphalt-rubber 
binders  fell  on  top  of  each  other,  indicating  the  same  response  for  any  mixture  incorporating 
rubber.  All  asphalt-rubber  mixtures  exhibited  less  strain  than  the  AC20.  It  is  hypothesized 
that  in  this  case,  the  rubber  is  absorbing  the  load  and  the  strain  is  therefore  independent  of 
the  base  asphalt  cement.  It  should  be  remembered  that  this  is  for  a  static,  unconfined  test. 

Figure  3  shows  the  average  creep  modulus  calculated  at  sixty  minutes  of  loading  for 
the  five  mixtures  for  both  temperatures  of  static  testing.  It  can  be  seen  that  the  AC5  shows 
modulus  values  of  zero  for  both  temperatures.  This  is  due  to  sample  failure  prior  to  sixty 
minutes  of  loading.  The  AC20  shows  a  drop  in  the  modulus  of  approximately  fifty  percent 
from  77°F  to  104°F.  All  three  of  the  asphalt-rubber  mixtures  showed  a  smaller  drop  in 
stiffness  than  the  AC20.  In  fact  the  AC5RE  showed  an  increase  in  modulus  from  77°  to  104°. 
This  would  indicate  that  asphalt-rubber  mixtures  will  suffer  a  smaller  loss  of  stiffness  with 
increasing  temperature  than  unmodified  mixtures. 

Analysis  of  Repeated  Load  Permanent  Deformation  Testing 

Table  7  shows  the  average,  standard  deviation  (s),  and  coefficient  of  variation  (CV) 
for  the  strain  at  sixty  minutes  (i.e.  strain  at  the  end  of  the  test)  for  all  tests  completed  at  77°F, 
using  the  repeated  loading  testing  procedure.  This  table  shows  data  for  all  six  mixtures.  It 
also  shows  the  average  creep  modulus  for  each  of  the  six  mixtures.  This  modulus,  like  the 
static  modulus,  was  calculated  by  dividing  the  strain  after  sixty  minutes  of  testing  into  the 
peak  deviator  stress. 

Figure  4  shows  the  average  compressive  strain  versus  time  for  the  six  mixtures  from 
the  repeated  load  testing  at  77°F.  This  figure  shows  that  both  the  AC5  and  AC5RE  failed 
during  testing.  This  due  to  the  relatively  low  viscosity  of  the  unmodified  AC5  and  asphalt- 
rubber  AC5  that  incorporates  an  extender  oil,  which  is  also  of  very  low  viscosity.  The  AC5R 
finished  the  testing  without  failure,  however  exhibited  large  strains.  The  three  mixtures  that 
performed  the  best  were  the  AC20,  AC20R  and  AC40.  It  is  interesting  to  note  that  the 
AC20R  exhibited  a  higher  strain  than  the  AC20.  In  this  case  the  AC20  samples  exhibited 
strains  that  grouped  the  mixtures  with  the  AC40,  which  yielded  very  low  strain.  This 
anomaly  remains  unexplained. 

Table  8  shows  the  average,  standard  deviation  (s),  and  coefficient  of  variation 
(CV)  for  the  strain  at  sixty  minutes  (i.e.  strain  at  the  end  of  the  test)  for  all  tests 
completed  at  104°F,  using  the  repeated  loading  testing  procedure.  This  table  shows  data 
for  all  six  mixtures.  It  also  shows  the  average  creep  modulus  for  each  of  the  six 
mixtures.  The  table  indicates  that  the  ACS  and  AC20  samples  failed  prior  to  sixty- 
minutes  of  loading.  This  is  shown  in  Figure  5.  It  can  be  seen  from  this  figure  that  the 
ACS  failed  after  approximately  fifteen  minutes  of  loading  while  the  AC20  failed  after 
twenty  minutes  of  loading.  This  indicates  that  even  though  the  samples  failed,  the  AC20 
mixtures  were  stiffer  than  the  ACS  mixtures.  The  AC40  mixtures  performed  very  well, 
yielding  relatively  low  strains.  The  modified  mixtures  yielded  strains  that  also  follow 
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the  idea  of  higher  viscosity  leads  to  lower  strain.  The  AC5RE  produced  the  highest  strains, 
followed  by  the  AC5R  and  the  AC20R.  The  AC5R  acted  in  a  similar  manner  as  the  AC40, 
while  the  AC20R  exhibited  the  lowest  amount  of  strain  of  any  of  the  six  types  of  mixtures 
This  indicates  that  for  this  particular  aggregate  source  and  gradation,  an  AC5R  could  be 
expected  to  behave  like  an  AC40  in  warmer  temperatures.  An  AC20R  could  be  expected  to 
exceed  the  permanent  deformation  performance  of  an  AC40.  It  can  be  concluded  from  thi> 
that  the  addition  of  rubber  to  the  mixture  produces  a  stiffer  mixture  at  higher  temperature. 

Figure  6  shows  the  average  creep  modulus  calculated  at  sixty  minutes  of  loading  for 
the  six  mixtures  for  both  temperatures  of  repeated  load  testing.  It  can  be  seen  that  all 
unmodified  mixtures  either  exhibited  very  large  decreases  in  stiffness  from  77°F  to  104°F  or 
no  stiffness  at  all.  On  the  other  hand,  the  asphalt-rubber  mixtures  exhibited  either  very  small 
decreases,  or  as  in  the  case  of  the  AC5RE,  showed  an  increase  in  stiffness.  This  again 
indicates  that  the  addition  of  rubber  to  asphalt  concrete  mixtures  reduces  the  magnitude  of 
the  loss  of  stiffness  at  higher  temperatures. 

Comparison  of  Static  to  Repeated  Load  Permanent  Deformation  Testing 

The  relative  ranking  of  strain  changes  for  both  testing  conditions  when  77°F  test 
results  are  compared  to  104°F  test  results.  The  77°F  test  results  are  useful  to  assess  the  loss  in 
stiffness  when  compared  to  testing  at  104°;  however,  because  of  the  low'  testing  temperature, 
they  do  not  appear  to  be  appropriate  for  characterization  of  permanent  deformation. 

The  static  test  results  at  104°F  indicate  only  the  presence  of  rubber  and  nothing  about 
the  properties  of  the  asphalt-rubber  blend.  The  repeated  load  testing  at  104°F  indicates,  in  a 
concrete  manner,  the  differences  that  exist  between  the  different  binders.  This  is  supported 
by  comparing  the  static  testing  at  104°F  (Figure  2)  to  the  repeated  load  testing  at  104° 
(Figure  5). 

Based  on  the  information  presented  in  Tables  5  through  8  and  Figures  1  through  6, 
two  conclusions  can  be  made.  First,  permanent  deformation  testing  should  be  carried  out  at 
elevated  temperatures.  Not  only  does  rutting  occur  primarily  at  the  elevated  temperatures, 
but  the  modified  mixtures  appear  to  react  differently  at  the  lower  temperatures.  This 
conclusion  is  supported  by  both  the  static  and  repeated  load  test  results.  Secondly, 
permanent  deformation  testing  should  be  based  on  repeated  loading.  Static  testing  only 
indicates  the  presence  of  rubber  and  nothing  about  the  base  asphalt. 
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CONCLUSIONS 


Based  on  the  analysis  presented  in  this  paper,  the  following  conclusions  can  be  drawn: 

1.  The  addition  of  ground  tire  rubber  to  asphalt  concrete  mixtures  results  in  mixtures 
that  exhibit  less  permanent  deformation  at  high  temperatures  compared  to 
unmodified  mixtures,  remembering  that  the  asphalt-rubber  mixtures  contained 
higher  than  optimum  asphalt  contents.  This  proved  to  be  true  for  both  static  and 
repeated  load  testing. 

2.  Permanent  deformation  testing  should  be  carried  out  at  elevated  temperatures. 

This  conclusion  is  supported  by  both  the  static  and  repeated  load  test  results.  The 
relative  ranking  of  strain  changes  for  both  testing  conditions  when  the  77F  test 
results  are  compared  to  the  104°F  test  results. 

3.  Permanent  deformation  testing  should  incorporate  repeated  loading.  This  is  not 
only  a  better  model  for  including  the  effects  of  moving  wheel  loads,  but  is 
supported  by  comparing  the  static  testing  at  1U4F  to  the  repeated  load  testing  at 
104°F.  The  static  test  results  indicate  only  the  presence  of  rubber  and  nothing  about 
the  properties  of  the  base  binder.  The  repeated  load  testing  indicates, 

in  a  concrete  manner,  the  differences  that  exist  between  binders. 
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Table  1:  Test  Matrix  for  Permanent  Deformation  of  Modified  and  Unmodified  Mixtures 


Compressive  Strain  (in/in) 
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—  AC5R  AC 5  -B-  AC20R  AC 20  AC5RE 

Figure  1:  Compressive  Strain  versus  Time  for  Static  Loading 
Conducted  at  77F 


Compressive  Strain  (in/in) 
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AC5R  AC20R  -  AC20  AC5RE 

Figure  2:  Compressive  Strain  versus  Time  for  Static  Loading 

Conducted  at  104F 
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Figure  4:  Compressive  Strain  versus  Time  for  Repeated 

Loading  Conducted  at  104F 
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ABSTRACT 


In  recent  years,  modified  asphalt  mixtures  have  become  increasingly  popular  in  the 
construction  of  flexible  pavements.  These  products  have  gained  popularity  because  of  their 
ability  to  increase  resistance  to  rutting  at  warm  temperatures  while  reducing  the  occurrence 
of  thermal  cracking  at  cold  temperatures  This  coupled  with  the  growing  problem  of  waste 
rubber  tires,  has  led  to  the  reprocessing  (grounding)  of  tire  rubber  for  use  in  asphalt  concrete 
mixtures. 

In  order  to  investigate  the  low  temperature  cracking  hypothesis,  a  laboratory 
research  program  utilizing,  constrained  specimen,  indirect  tension,  and  direct  tension  tests, 
was  designed  in  order  to  assess  the  potential  benefits  of  asphalt-rubber  concrete  mixtures. 

Conclusions  from  this  research  indicated  that  the  addition  of  ground  tire  rubber  to 
asphalt  concrete  mixtures  results  in  mixtures  that  exhibit  more  deformation  prior  to  failure 
while  maintaining  similar  indirect  tensile  strength.  The  research  also  indicated,  through 
constrained  specimen  testing,  that  the  addition  of  ground  tire  rubber  to  soft  base  asphalts 
(i.e.  AC5)  resulted  in  a  mixture  that  exhibited  transition  and  fracture  temperatures 
approximately  10°C  (18°F)  lower  than  that  of  the  unmodified  mixture. 
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INTRODUCTION 


In  recent  years,  modified  asphalt  mixtures  have  become  increasingly  popular  in  the 
construction  of  flexible  pavements.  These  products  have  gained  popularity  because  of  their 
ability  to  increase  resistance  to  rutting  at  warm  'emperatures  while  reducing  the  occurrence 
of  thermal  cracking  at  cold  temperatures.  This  coupled  with  the  growing  problem  of  waste 
rubber  tires,  has  led  to  the  reprocessing  (grounding)  of  tire  rubber  for  use  in  asphalt  concrete 
mixtures.  In  order  to  investigate  this  hypothesis,  a  laboratory  research  program  was  designed 
in  order  to  assess  the  potential  benefits  of  asphalt-rubber  concrete  mixtures 

BACKGROUND 

Low  temperature  cracking  is  associated  with  the  volumetric  contraction  that  occurs 
as  a  material  experiences  a  temperature  drop  (1).  Materials  that  are  unrestrained  will 
shorten  as  the  temperature  drops.  However,  if  a  material  is  restrained,  such  as  the  case  of 
asphalt  concrete  in  a  pavement  structure,  the  attempt  to  shorten  results  in  the  development 
of  thermal  stresses.  When  these  thermal  stresses  become  equal  to  the  tensile  strength  of  the 
material,  a  crack  is  formed. 

Asphalt  cement,  and  as  a  result  asphalt  concrete,  exhibit  two  coefficients  of  thermal 
contraction  (1).  These  are  called  the  glassy  and  fluid  coefficients.  The  temperature  at  which 
the  change  takes  place  is  called  the  glass  transition  temperature.  For  temperatures  warmer 
than  the  transition  temperature,  the  asphalt  exhibits  the  fluid  coefficient  of  contraction, 
while  at  temperatures  colder  than  the  transition  temperature  the  glassy  coefficient  of 
contraction  is  seen.  This  indicates  that  the  physical  properties  of  asphalt  are  significantly 
different  in  the  fluid  or  glassy  states. 

Both  asphalt  cement  and  asphalt  concrete  can  be  considered  to  act  as  viscoelastic 
materials  at  warm  temperatures  (i.e.  fluid  coefficient)  (1).  This  allows  for  the  dissipation  of 
thermal  stresses  through  stress  relaxation.  However,  at  colder  temperatures,  asphalt  concrete 
behaves  as  an  elastic  material  and  thermal  stresses  can  not  be  dissipated  until  a  crack 
initiates  (i.e.  glassy  coefficient).  The  temperature  at  which  a  crack  occurs  is  referred  to  as  the 
fracture  temperature.  Once  a  failure  occurs  and  a  crack  develops,  the  stresses  are  relieved 

In  newdy  constructed  asphalt  concrete  pavements,  cracks  have  been  observed  to 
develop  100+  feet  of  spacing,  and  as  the  pavement  ages,  the  crack  spacing  has  been  observed 
to  decrease  to  ten  to  twenty  feet  ( 1 ). 

Historical  Methodology  Used  in  Assessing  Thermal  Stresses 

Many  researchers  have  attempted  to  calculate  thermal  stress  of  asphalt  concrete 
pavements.  Hill  and  Brien  (2)  calculated  the  thermal  stresses  associated  with  an  infinite, 
completely  restrained  strip.  The  equation  used  took  into  account  the  average  coefficient  of 
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contraction,  initial  and  final  temperatures,  and  the  asphalt  mix  stiffness  (dependent  upon  time 
and  temperature). 

Monismith,  et  al.  (3),  used  a  stress  equation  developed  by  Humphreys  and  Martin  (4)  to 
predict  thermal  stresses  in  a  slab  of  linear  viscoelastic  material  that  was  subjected  to  a  time 
dependent  temperature  field.  The  slab  was  assumed  to  be  of  infinite  lateral  extent  and 
completely  restrained.  However,  in  1969,  Haas  and  Topper  indicated  that  the  stresses  predicted 
were  unrealistically  high  (5).  They  concluded  that  if  Monismith’s  solution  was  modified  to  use 
a  long  beam  instead  of  slab,  the  computed  stresses  were  slightly  underestimated  (6).  This  leads 
back  to  the  approximate  solution  suggested  by  Hill  and  Brien  (2),  called  the  pseudo-elastic  beam 
analysis.  This  solution  was  supported  by  Christison  and  Anderson  in  1972  (7),  and  by  two  test 
roads  (8,9,10).  This  methodology  was  further  supported  by  I  inn  et  a!.,  in  19, SO  using  the  ( 'ok 
model  to  predict  low'  temperature  cracking  <  11 ). 

Thermal  stress  relationships  have  also  been  obtained  through  indirect  estimation.  For 
example,  the  binder  stiffness-temperature  relationship  at  an  appropriate  (but  arbitrary)  loading 
time,  may  be  estimated  from  the  Penetration  Index,  softening  point  values  and  van  der  Pod’s 
nomogram  (1).  This  binder  stiffness-temperature  relationship  can  then  be  converted  to  an 
asphalt  mixture  stiffness  based  on  the  volumetric  portions  of  binder  and  aggregate  present  in  the 
mix.  Then  using  an  assumed  or  measured  coefficient  of  thermal  contraction,  the  stress- 
temperature  relationship  is  obtained  using  the  solution  proposed  by  Hill  and  Brien  (2). 

A  second  form  of  indirect  estimation  of  thermal  stress  relationships  is  based  on  the  load- 
deformation  response  of  asphalt  concrete  at  cold  temperatures.  Creep,  flexural  bending,  direct 
tension,  and  indirect  diametral  tension  tests  have  all  been  used  to  measure  the  load-deformation 
response  of  asphalt  concrete  mixtures  (3,6,7,12).  Previous  research  has  indicated  that  by 
multiplying  the  stress-strain  response  (load -deformation)  of  a  mixture  by  the  measured  or 
assumed  coefficient  of  thermal  contraction,  the  thermal  stress  relationship  can  be  estimated. 

The  development  of  thermal  stresses  have  also  been  measured  directly  in  the  laboratory 
(3,13,14,15).  This  was  accomplished  by  measuring  the  stress  required  to  maintain  a  specimen 
at  constant  length  under  a  constant  rate  of  cooling.  Direct  measurement  eliminates  the  need  to 
measure  or  assume  a  coefficient  of  thermal  expansion  of  a  mixture. 

In  1974,  Fabb  considered  three  rates  of  cooling  (5,  10,  and  27~C/hr)  and  concluded  that 
the  rate  of  cooling  has  little  or  no  effect  on  the  failure  temperature  (13).  However,  in  1980, 
Bloy  established  that  differences  in  rates  of  cooling  below  5°C/hr  did  influence  the  temperature 
at  which  cracking  occurred  in  asphalt  cements,  whereas  differences  in  rates  of  cooling  above 
5°C/hr  had  no  influence  (16). 

State  of  the  Art  Methodology  Used  In  Assessing  Thermal  Stresses 

In  May  of  1990,  NCHRP  publisher!  a  procedural  manual  for  design  of  asphalt  concrete 
mixtures  (17).  This  manual  outlines  procedures  for  conducting  indirect  tensile  strength  tests  and 
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indirect  tensile  creep  tests.  The  indirect  tensile  strength  test  uses  a  loading  rate  of  0.05  inches 
per  minute  and  measures  the  peak  stress  obtained.  The  indirect  tensile  creep  test  then 
conducted  on  samples  using  a  static  load  of  between  five  and  twenty  percent  of  the  indirect 
tensile  strength.  The  static  load  is  maintained  for  one  hour  and  then  the  sample  is  allowed  to 
rebound  for  another  hour.  Vertical  and  horizontal  deformation  are  monitored  throughout 
the  test.  The  horizontal  deformation  at  the  end  of  the  sixty  minute  load  is  used  to  calculate 
the  indirect  tensile  creep  modulus.  Both  the  indirect  tensile  strength  and  indirect  tensile 
creep  tests  are  conducted  at  various  temperatures  to  define  the  strength-temperature,  creep 
modulus-temperature,  and  strength  modulus  relationships. 

The  manual  then  gives  an  equation  which  estimates  the  critical  change  in 
temperature  at  which  cracking  will  occur.  This  equation  is  based  on  the  following. 

Indirect  Tensile  Creep  Modulus  at  temperature  Tp 

Slope  and  Intercept  of  Indirect  Tensile  Creep  Curve  at  temperature  Tp 

3,600  seconds  of  relaxation  time 

Assumed  coefficient  of  thermal  contraction  between  1.0E-5  and  1.8E-5  in/in/°F 

It  is  also  possible  to  calculate  the  decrease  in  thermal  stress  due  to  stress  relaxation  and 
change  in  thermal  stress  due  to  a  drop  in  temperature  using  the  various  combinations  of  the 
variables  listed  above. 

Work  being  completed  in  the  Strategic  Highway  Research  Program  (SHRP)  contract 
A003A  has  also  addressed  the  problem  of  low  temperature  cracking.  Research  conducted 
under  this  program  has  addressed  the  direct  measurement  of  thermally  induced  stresses  on 
restrained  specimens.  To  date,  the  results  indicate  that  as  the  temperature  of  the  specimen  is 
dropped,  the  asphalt  concrete  will  exhibit  stress  relaxation  down  to  a  certain  temperature,  a 
transition  temperature,  followed  by  purely  elastic  behavior.  This  is  shown  graphically  in 
Figure  1. 

it  can  be  seen  from  this  figure  that  the  slope  of  the  line  changes  considerably  during 
testing.  As  the  temperature  becomes  colder,  the  slope  increases  until  becoming  linear.  The 
point  at  which  the  slope  becomes  constant  is  termed  the  transition  temperature.  Above  this 
temperature  the  asphalt  concrete  still  possesses  viscoelastic  characteristics,  or  in  other  words, 
the  thermal  stresses  induced  can  be  relieved  through  stress  relaxation.  However,  below  the 
transition  temperature,  the  asphalt  concrete  possesses  purely  elastic  chdiaelerisiies.  The 
thermally  induced  stresses  are  not  relaxed  until  failure  of  the  specimen. 

The  A003-A  researchers  have  found  that  the  transition  temperature  is  dependent 
upon  mixture  properties  such  as  air  void  content.  As  the  air  void  content  increases  the 
transition  temperature  decreases.  The  transition  temperature  has  also  been  found  to  be 
related  to  the  fracture  temperature  of  the  mixture.  As  the  transition  temperature  decreases, 
so  does  the  fracture  temperature.  This  is  shown  graphically  in  Figure  2. 

All  of  the  research  to  date  is  indicating  the  lower  the  transition  temperature  of  the 
mixture,  the  better  the  mixture  will  perform  when  considering  low  temperature  cracking.  This 
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idea  is  supported  by  the  stress  relaxation  (viscoelastic  behavior)  that  is  seen  when  above  the 
transition  temperature.  Based  on  this  hypothesis,  measurement  of  both  the  fracture  strength 
and  the  transition  temperature  is  necessary  for  proper  characterization  of  low  temperature 
properties. 

RESEARCH  PROGRAM 

The  extended  research  program  was  designed  to  include  four  phases: 

Phase  1:  The  use  of  conventional  mix  design  methods  for  determining  the  optimum 
asphalt  content  for  asphalt-rubber  mixtures. 

Phase  2:  Permanent  deformation  characteristics  of  asphalt-rubber  and  unmodified 
mixtures. 

Phase  3:  Low  temperature  cracking  resistance  of  asphalt-rubber  and  unmodified 
mixtures. 

Phase  4:  Fatigue  cracking  resistance  of  asphalt-rubber  and  unmodified 

mixtures. 

This  report  will  deal  with  the  laboratory  results  from  Phase  3  only.  Phase  1  has  been 
completed  and  reported  in  “Comparison  of  Mix  Design  Methods  for  Asphalt-Rubber 
Concrete  Mixtures”  (18).  Phase  2  has  also  been  completed  and  reported  in  “Permanent 
Deformation  Characteristics  of  Recycled  Tire  Rubber  Modified  and  Unmodified  Asphalt 
Concrete  Mixtures”  (19).  Phase  4  is  currently  being  completed  by  the  University  of  Arizona 
(UA)  and  the  U.S.  Army  Corps  of  Engineers  Waterways  Experiment  Station  (WES). 

The  scope  of  this  research  program  included  one  aggregate  source,  one  gradation 
and  five  binders.  The  test  matrix  is  shown  in  Table  1. 

MATERIALS 


Aggregates 

The  aggregates  used  in  this  .esearch  program  were  obtained  from  Granite  Rock 
Company,  located  in  Watsonville  California.  This  material  is  a  100  percent  crushed  granite 
that  has  no  history  of  stripping  problems  with  in-service  pavements.  The  physical  properties 
of  the  aggregate  are  shown  in  Table  2. 

The  gradation  used  to  prepare  the  mixture  samples  is  shown  in  Table  3.  This 
gradation  was  chosen  to  meet  ASTM  D3315  1/2”  dense  mixtures,  Nevada  Type  II  and 
California  1/2”  medium  specification  (Table  3).  This  gradation  was  opened  up  slightly  on  #30 
and  #50  to  accommodate  the  presence  of  rubber. 
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Binders 

The  two  grades  of  neat  asphalt  cement  used  in  this  phase  of  the  research  program  were 
obtained  from  a  single  California  Valley  crude  source.  The  binders  used  were: 

Unmodified:  ACS 

AC20 

Both  the  AC5  and  AC20  were  then  modified  with  crumb  rubber.  The  AC5  was  also  modified 
with  rubber  and  extender  oil,  yielding  a  very  soft  third  modified  binder.  The  source  of  crumb 
rubber  was  selected  by  the  sponsor  with  the  rubber  being  blended  with  the  asphalt  cement  by 
Crafco  Inc.,  located  in  Chandler  Arizona.  The  rubber  used  in  this  research  program  was 
ambient  ground  rubber  having  a  hydrocarbon  content  of  approximately  forty  five  percent  and 
a  specific  gravity  between  1.100  and  1.200.  The  particle  size,  along  with  the  gradation 
specification  suggested  by  Crafco  are  shown  in  Table  4.  The  resulting  modified  binders  were: 

Modified:  AC5  +  17%  Rubber  (AC5R) 

AC5  +  16%  Rubber  +  5%  Extender  Oil  (AC5RE) 

AC20  +16%  Rubber  (AC20R) 

OPTIMUM  BINDER  CONTENTS 

In  phase  1  of  this  research,  binder  contents  to  be  used  in  phases  2,  3,  and  4  were  selected 
by  a  committee  that  included  the  sponsor  and  all  of  the  researchers  involved.  These  selections 
were  based  on  mix  designs  conducted  at  both  the  University  of  Nevada,  Reno  and  the  U.S. 
Army  Corps  of  Engineers  Waterways  Experiment  Station  (WES).  Optimum  binder  contents 
for  both  unmodified  mixtures,  AC5  and  AC20,  w'ere  agreed  upon  at  5.3  and  5.7  percent  by  total 
weight  of  mix,  respectively.  How-ever,  there  was  disagreement  as  to  the  binder  content  to  use 
for  each  of  the  modified  mixtures.  As  a  result,  a  compromise  W'as  made  that  w'as  agreeable  to 
all  parties  involved  in  the  extended  program.  The  compromise  yielded  binder  contents  that  w'ere 
higher  than  the  UNR  recommended  optimums.  The  following  table  shows  the  binder  contents 
used  and  the  UNR  recommended  binder  content  for  all  modified  mixtures. 


Type  of  Binder 

Binder  Content  Used  In 
Preparing  Samples 
(%,  Total  Weight  of  Mix) 

UNR  Recommended  Binder 
Content 

(%,  Total  Weight  of  Mix) 

AC5R 

8.5 

7.7 

AC5RE 

8.3 

7.7 

AC20R 

7.9 

7.4 

«« 


SAMPLE  PREPARATION 


Samples  were  batched  by  first  separating  the  aggregates  into  the  eleven  individual 
sizes  (1/2”,  3/8”,  1/4”,  #4,  #8,  #16,  #30,  #50,  #100,  #200,  fines)  needed  to  prepare  samples,  and 
then  recombined  to  meet  the  desired  gradation.  Washed  sieve  analysis  were  performed  on 
complete  batches  to  ensure  the  gradation  had  been  met. 

After  all  aggregate  preparation  was  completed,  batches  were  selected  at  random 
and  mixed  with  the  selected  binder.  Different  methods  of  mixing  were  used  for  the  asphalt- 
rubber  and  unmodified  mixtures.  Samples  were  also  compacted  to  achieve  approximately  six 
to  eight  percent  air  voids.  This  resulted  in  using  different  levels  of  compaction  for  the  various 
mixtures  used  in  this  research  program.  The  procedures  for  mixing  and  compaction  are 
described  below. 

Unmodified  mixtures  were  mixed  in  accordance  with  ASTM  D  1561  (20).  After 
mixing,  samples  were  placed  in  a  140°F  forced  draft  oven  for  fifteen  hours  prior  to  being 
reheated  to  230°F  for  compaction.  Asphalt-rubber  mixtures  were  mixed  using  the 
recommendation  of  Chehovits  (21).  This  involves  heating  the  aggregate  to  300°F  and  the 
asphalt-rubber  binder,  regardless  of  base  asphalt  viscosity,  to  350°F  prior  to  mixing.  Once 
again,  after  mixing,  samples  are  placed  in  a  140°F  forced  draft  oven  for  fifteen  hours  prior  to 
reheating  the  samples  for  compaction. 

All  samples  were  compacted  with  a  kneading  compactor.  Two  types  of  samples  were 
prepared  for  testing  under  this  phase  of  the  research,  normal  2  1/2”  in  height  in  4”  in 
diameter  briquettes  and  3”  deep  by  3”  wide  by  16”  long  beams.  Unmodified  briquettes  were 
compacted  using  30  blows  at  250  psi.  This  was  followed  by  curing  for  1  1/2  hours  at  140°F 
prior  to  the  application  of  an  11,000  lb  leveling  load.  Samples  were  then  allowed  to  cool 
before  being  extruded. 

Asphalt-rubber  briquettes  using  AC20R  were  reheated  to  300°F  for  compaction, 
while  the  other  two  asphalt-rubber  mixtures  (AC5R  and  AC5RE)  were  reheated  to  230CF 
for  compaction.  Compaction  of  all  asphalt-rubber  briquettes  consisted  of  30  blows  at  250  psi. 
Briquettes  of  AC20R  were  cured  in  a  140°F  oven  for  2  1/2  hours  prior  to  the  application  of 
an  11,000  lb  leveling  load.  Samples  of  AC5R  and  AC5RE  were  cured  in  a  140°F  for  1  1/2 
hours  prior  to  the  application  of  an  11,000  lb  leveling  load.  All  samples  were  allowed  to  cool 
and  were  then  extruded 

Unmodified  beam  specimens  were  compacted  in  two  lifts.  The  first  lift  consisted  of 
two  thirds  of  the  material  needed  for  the  beam  and  received  twenty  b’ow>  at  7*  psi.  The 
second  lift  consisted  of  the  other  third  of  the  material.  The  specimen  then  received  forty 
blows  at  75  psi,  forty  blows  at  100  psi,  and  forty  blows  at  200  psi.  This  was  immediately 
followed  by  level  loading  to  10,000  lbs.  Beam  specimens  were  then  allowed  to  cool  prior  to 
extruding. 

Asphalt-rubber  beam  specimens,  regardless  of  binder  type,  were  reheated  to  230°F 
prior  to  compaction.  These  beam  specimens  were  also  compacted  in  two  lifts,  with  the  first  lift 
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consisting  of  two  thirds  of  the  mixture  needed.  This  lift  received  twenty  blows  at  75  psi.  The 
second  lift,  consisting  of  the  other  third  of  the  material  needed,  was  then  placed  in  the  mold. 
The  specimen  then  received  forty  blows  at  75  psi.  The  completed  specimen  then  was  level 
loaded  immediately  to  10,000  lbs.  Specimens  were  then  allowed  to  cool  before  being 
extruded.  The  low  amounts  of  compactive  effort  needed  to  fabricate  asphalt-rubber  beams  is 
due  to  the  dilatent  (shear  shinning)  characteristics  of  the  asphalt-rubber.  The  kneading 
action  used  in  producing  beams  imparts  a  large  amount  of  shear  to  the  mixture.  This  resulted 
in  relatively  low  amounts  of  needed  energy  to  compact  asphalt-rubber  beams  to  the 
appropriate  air  void  content. 

After  all  beam  specimens,  asphalt-rubber  and  unmodified,  were  allowed  to  cool 
overnight  in  a  77°F  room,  they  were  sawed  to  2  inches  in  depth  by  2  inches  in  width  by  10 
inches  in  length  for  testing.  This  was  done  to  provide  cut  surfaces  on  each  face  of  the  sample, 
in  order  to  remove  the  irregularities  that  are  associated  with  laboratory  compacted  samples. 
Selected  samples  from  both  briquettes  and  beams  were  subjected  to  accelerated  laboratory' 
aging  in  order  to  assess  the  effects  of  aging  on  both  the  unmodified  and  asphalt-rubber 
mixtures.  The  aging  method  used  is  consistent  with  NCHRP  9-6(1)  AAMAS.  This  method 
consists  of  subjecting  compacted  briquette  and  beam,  in  this  case  sawed,  specimens  to  forty 
eight  hours  of  forced  draft  oven  heating  at  140°F  followed  by  120  hours  of  forced  draft  oven 
heating  at  225°F.  Samples  were  then  cooled  to  testing  temperature  and  tested  according  to 
the  appropriate  testing  sequence. 

TESTING  METHODS 

Following  compaction,  saw  cutting,  and/or  aging,  samples  were  allowed  to  cool  in  a 
77°F  room  prior  to  being  tested  for  bulk  specific  gravity  and  height.  All  heights  were 
determined  in  accordance  with  ASTM  D3515  (20).  Bulk  specific  gravity  of  compacted 
briquettes  was  conducted  in  accordance  with  ASTM  D2726.  The  bulk  specific  gravity  of 
sawed  beams  was  determined  using  a  modified  version  of  the  paraffin  coated  procedure.  This 
procedure  uses  a  removable  film  called  “Parafilm.  This  paraffin  based  film  is  commercially 
available  and  was  used  to  ensure  that  no  water  was  being  absorbed  into  the  cut  surfaces  of 
the  aggregate.  This  test  method  is  currently  being  addressed  by  ASTM  for  an  alternate  to 
D1188  (paraffin).  Samples  were  then  placed  under  a  fan,  again  overnight,  to  remove  any 
moisture  that  may  have  penetrated  the  sample  during  bulk  specific  gravity  testing.  Samples 
were  then  placed  in  an  appropriate  temperature  control  chamber  to  condition  them  to  the 
testing  temperature.  After  a  minimum  of  twenty  four  hours  in  that  particular  temperature 
control  chamber,  samples  were  tested  for  low  temperature  cracking  characteristics  using  one 
of  three  methods.  The  procedures  used  for  these  testing  methods  are  described  below. 

The  first  of  three  tests  used  to  assess  low  temperature  cracking  was  a  constrained 
specimen  test.  Sawed  beams  were  glued  to  platens  that  connected  to  the  loading  frame  with 
universal  joints.  Universal  joints  were  used  in  order  to  remove  any  eccentricity  that  may  result 
from  the  gluing  process  (Figure  3).  Testing  started  at  5°C  with  the  sample  held  at  a  constant 
length  through  the  use  of  a  closed  loop  testing  system.  The  temperature  in  the  chamber  was 
dropped  at  a  rate  of  10°C  per  hour.  The  resulting  load,  induced  by  the  sample  trying  to  shrink, 
was  measured  constantly  and  recorded  every  minute.  The  temperature  on  the  surface  of  the 
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specimen  was  also  monitored  throughout  the  test,  allowing  a  temperature  versus  load 
relationship  to  be  obtained  for  each  specimen  tested.  The  test  was  considered  to  have  ended 
when  a  sample  fails  in  a  brittle  manner  or  thirty  minutes  after  peak  load  in  the  case  of  ductile 
failure. 

The  second  test  method  used  to  assess  low  temperature  cracking  was  the  indirect 
tension  test.  This  test  used  the  conventional  size  briquets  (i.e.  2  1/2”  by  4”)  and  tested  them 
in  the  diametral  position.  A  tensile  load  was  achieved  by  applying  a  compressive  load  across 
the  diameter  of  the  specimen,  parallel  to  the  height,  Figure  4.  Samples  of  each  mixture  were 
tested  at  34°F,  0°F,  and  -20°F.  A  constant  loading  rate  of  0.01  inches  per  minute  was  used  for 
all  tests.  The  peak  load  for  each  specimen  was  recorded  for  analysis. 

The  third  and  final  test  method  used  to  assess  low  temperature  cracking  was  a  direct 
tension  test.  This  test  also  made  use  of  the  sawed  beams.  Specimens  were  glued  to  platens 
and  mounted  to  the  loading  frame  in  a  manner  consistent  with  that  used  to  test  constrained 
specimens.  Samples  were  tested  at  -20°F  using  a  constant  loading  rate  of  0.01  inches  per 
minute.  Once  again,  the  peak  load  achieved  during  testing  was  recorded. 

TESTING  PROGRAM 

A  total  of  99  samples  were  prepared  for  testing.  This  allowed  for  three  replicates  to 
be  tested  under  each  testing  condition.  The  testing  matrix  is  shown  in  Table  1.  The  replicate 
samples  tested  provided  sufficient  data  to  estimate  the  mean,  standard  deviation,  and 
coefficient  of  variation  for  each  type  of  mixture  tested  for  each  condition. 

ANALYSIS  OF  TEST  RESULTS 

As  stated  previously,  there  were  three  types  of  low  temperature  cracking  tests  used 
in  this  research  program.  For  ease  of  discussion,  the  analysis  will  be  presented  in  the  same 
fashion,  first  the  constrained  specimen,  followed  by  the  indirect  tension,  and  finally  the  direct 
tension  test  results. 

Constrained  Specimen  Test  Results 

As  stated  previously,  the  data  derived  from  constrained  specimen  testing  consists  of 
the  induced  tensile  load  versus  temperature  relationship.  From  this  relationship  it  is  possible 
to  retrieve  the  transition  temperature  (Tt),  the  fracture  temperature  (Tf),  and  the  peak  load 
(i.e.  load  just  before  fracture). 

Figure  5  shows  the  average  induced  tensile  load  versus  temperature  relationship  for 
mixtures  using  the  unmodified  AC5  (individual  test  results  are  shown  in  appendix  A).  It  can  be 
seen  from  this  figure  that  average  transition  temperature  is  approximately  -12°C  (lCrF).  Table 
5  shows  the  individual  data  for  peak  load  and  fracture  temperature  as  well  as  the  average, 
standard  deviation,  and  coefficient  of  variation  (CV)  for  each,  for  samples  using  ACS.  This 
table  indicates  that  an  average  peak  load  of  287  psi  was  achieved  and  that  the  average  fracture 
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temperature  was  -26°C  (-15°F).  CV’s  for  the  peak  load  and  fracture  temperature  are  7.3% 
and  9.7%,  respectively.  This  data  indicates  that  the  test  results  show  very'  good  repeatability. 

Figure  6  shows  the  average  induced  tensile  load  versus  temperature  relationship  for 
mixtures  using  the  unmodified  AC20  (again,  the  individual  test  results  are  shown  in  appendix 
A).  This  figure  shows  an  average  transition  temperature  of  approximately  -1I°C  (I2°F) 
Table  6  shows  the  individual  data  for  peak  load  and  fracture  temperature  as  well  as  the 
simple  statistics  that  are  shown  in  Table  5.  This  table  shows  an  average  peak  load  of  278  psi 
and  an  average  fracture  temperature  of  -250C  (-13°F).  Once  again,  the  lest  repeatability  is 
very  good  (CV’s  of  11.2%  for  the  peak  load  and  4.3%  for  the  fracture  temperature).  It  is 
interesting  to  note  that  all  three  types  of  data,  Tt,  Tf,  and  peak  load,  are  approximately  the 
same  for  both  grades  of  unmodified  asphalt.  This  leads  to  the  hypothesis  that  the  controlling 
factor  might  be  the  source  of  the  crude  petroleum  used  in  refining  the  asphalt  cement. 

Figure  7  shows  the  average  induced  tensile  load  versus  temperature  relationship  for 
the  asphalt-rubber  ACS  (AC5R).  The  figure  indicates  a  transition  temperature  for  the 
AC5R  of  approximately  -22°C  (-8°F),  considerably  lower  than  the  unmodified  ACS.  Table  7 
shows  the  individual  test  results  and  simple  statistics  for  the  AC5R.  This  table  shows  on 
average  peak  load  of  237  psi  and  an  average  fracture  temperature  of  -34°C  (-29°F).  It  can  be 
seen  that  the  CV  for  the  peak  load  remains  very  low,  at  8.9%,  while  the  CV  for  the  fracture 
temperature  jumps  to  20.8%.  This  is  somewhat  higher  than  would  be  hoped  for,  but  is  still  in 
the  range  of  acceptable  data. 

The  average  induced  tensile  load  versus  temperature  relationship  for  the  asphalt  - 
rubber  AC20  (AC20R)  is  shown  in  Figure  8.  This  figure  signifies  a  transition  temperature  of 
-14°C  (7°F).  After  seeing  the  reduction  in  transition  temperature  for  the  AC5R,  the  AC20R 
data  is  somewhat  disappointing.  Table  8  shows  individual  data  for  peak  load  as  well  as  the 
simple  statistics  used  in  earlier  tables.  It  can  be  seen  that  the  average  peak  load  is  157  psi  and 
the  average  fracture  temperature  is  -25°C  (-13°F).  Inspection  of  the  CV  for  each  type  of  data 
indicates  that  peak  load  is  consistent,  CV  =  12.7%,  but  that  the  fracture  temperatures 
obtained  from  the  test  are  extremely  undesirable,  CV  =  45.8%.  It  is  hypothesized  that  the 
rubber  swells  during  mixing  due  to  the  absorption  of  the  lighter  weight  molecular  particles  of 
the  asphalt  cement.  This  tends  to  leave  the  asphalt  phase  of  the  binder  system  with  the 
heavier  oil  and  resins.  This  could  result  in  an  increase  in  binder  viscosity  and  hence  mixture 
stiffness.  Also,  the  heterogeneity  of  the  composition  of  the  failure  some  cross  section  could 
be  contributing  to  the  increased  testing  variability  (i.e.  increases  in  CV).  This  is  due  to  the 
random  and  not  always  uniform  distribution  of  the  rubber  phase  of  the  binder  system. 

This  could  explain  to  some  extent  the  increase  in  the  fracture  temperature  CV  for  the 
AC5R.  It  would  also  explain  the  conclusion  that  the  addition  of  rubber  to  an  AC20  to 
improve  its  low  temperature  cracking  properties  is  not  a  good  approach.  A  softer  binder 
should  be  used,  preferably  one  that  will  provide  enough  light  ends  to  have  a  oercentage  of 
them  remaining  in  the  asphalt  cement  phase  of  the  binder  system. 
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According  to  Table  1,  three  samples  of  AC5RE  were  to  be  tested  using  the 
constrained  specimen  test.  This  testing  was  unable  to  be  completed  because  the  beam 
specimens  using  this  extremely  soft  binder  literally  fell  apart  with  any  sort  of  handling 

Indirect  Tension  Tea  Results 

Data  obtained  from  the  indirect  tension  testing  consisted  of  the  peak  load  achieved 
during  testing.  Understanding  that  the  peak  load  alone  does  not  give  a  complete  picture  of 
material  stiffness,  the  approximate  testing  time  was  also  recorded.  This  data  will  help  to  give 
a  more  complete  picture  of  how  the  various  mixtures  behave  under  diametral  loading. 

Figure  9  shows  the  average  indirect  tensile  strength  for  all  five  mixtures  tested  at 
34°F  (1°C).  Visual  inspection  shows  both  of  the  unmodified  mixtures  are  considerable 
stronger  than  any  of  the  asphalt-rubber  mixtures.  Inspection  of  Table  9,  which  shows 
individual  test  results  as  well  as  the  average,  standard  deviation,  and  coefficient  of  variation, 
indicates  that  there  is  overall  good  repeatability. 

Figure  10  shows  the  average  indirect  tensile  strength  for  all  five  mixtures  tested  at 
0°F  (-18°C).  This  figure  shows  that  all  three  mixtures  using  the  ACS  (ACS  AC5R,  and 
AC5RE)  are  approaching  equal  tensiie  strength.  This  is  regardless  of  the  presence  of  rubber 
or  extender.  The  figure  also  indicates  that  at  this  temperature  the  AC20R  mixture  is  stiffer 
than  the  AC20  mixture.  Table  10  shows  that  the  repeatability  (CV)  has  dropped  considerably 
from  the  34°F  test  results.  This  loss  of  repeatability  hampers  the  ability  to  make  firm 
conclusions,  however,  general  trends  can  still  be  identified.  In  general,  a  trend  of  the  asphalt- 
rubber  mixtures  nearing  or  exceeding  the  tensile  strength  of  the  unmodified  mixtures. 

It  is  interesting  to  note  that  unmodified  mixtures  took  approximately  ten  to  twelve 
minutes  of  loading  to  achieve  failure  while  the  rubber  modified  mixtures  needed 
approximately  twenty  minutes  of  loading  to  achieve  failure.  These  times  to  failure  are  only 
approximate,  however,  they  do  indicate  that  the  asphalt-rubber  mixtures  exhibit  more 
deformation  prior  to  failure. 

Figure  11  shows  the  average  indirect  tensile  strength  for  all  five  mixtures  tested  at  - 
20°F  (-29°C).  Visual  inspection  of  this  figure  shows  very  little  difference  between  any  of  the 
mixtures.  This  indicates  that  all  five  mixtures  are  exhibiting  “glass”  characteristics. 

Once  again,  however,  the  asphalt-rubber  mixtures  required  more  loading  time  to  achieve 
failure  than  the  unmodified  mixtures.  The  asphalt-rubber  mixtures  required  approximately 
ten  to  twelve  minutes  to  fail  while  the  unmodified  mixtures  required  approximately  five  to 
seven  minutes  to  fail.  This  again,  signifies  that  the  asphalt-rubber  mixtures  failed  in  a  more 
ductile  manner  than  the  unmodified  mixtures.  Table  11  shows  the  individual  data,  average, 
standard  deviation,  and  coefficient  of  variation  for  all  five  mixtures  tested  at  -20°F  (-29°C). 
This  table  indicates  that  there  is  very  good  repeatability  within  each  mixture.  This  leads  to 
the  conclusion  the  for  this  test  method,  conducted  at  -20°F  (-29°F),  the  mixtures  exhibit 
similar  tensile  strength  but  the  asphalt-rubber  mixtures  are  the  more  ductile  material. 
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Figure  12  compares  the  indirect  tensile  strength  test  results  at  all  three 
temperatures.  This  figure  shows  the  average  indirect  tensile  strengths  for  each  of  the  five 
mixtures  at  all  three  testing  temperatures.  It  can  be  seen  that  at  34°F  (1°C)  the  asphalt- 
rubber  mixtures  are  softer  than  the  unmodified  mixtures,  but  that  at  0°F  (-18CC)  the 
mixtures  approach  equal  strength.  Test  results  at  -20°F  (-29°C)  indicate  the  two  mixtures 
incorporating  AC20  peaked  in  strength  at  0°F  (-18°C).  The  other  three  mixtures  are  still 
exhibiting  increasing  strength.  This  suggests  that  the  AC20  and  modified  AC20  (AC20R) 
will  be  the  most  brittle  at  cold  temperatures. 

Direct  Tension  Test  Results 

Data  obtained  from  the  direct  tension  testing  also  consisted  of  the  peak  load 
achieved  during  testing.  Figure  13  shows  the  average  test  results  from  all  five  mixtures  tested 
at  -20°F  (-29°C).  Visual  inspection  shows  very  little  difference  between  any  of  the  mixtures 
Inspection  of  Table  12  shows  that  the  test  repeatability  is  acceptable.  Ideally,  the  CV  for  each 
mixture  would  be  below  15%,  however,  the  range  obtained  from  this  testing  can  still  be  used 
to  make  conclusions  about  the  data.  The  conclusion  here  is  that  the  extremely  low 
temperature  properties  of  each  mix  will  be  similar  in  as  much  as  they  all  contain  the  same 
supplier  of  asphalt  cement. 

Efforts  were  made  to  see  if  there  was  a  correlation  between  tensile  strength 
determined  from  indirect  method  and  from  the  direct  method.  Figure  14  shows  the  average 
tensile  strength  values  from  all  five  mixtures  for  both  the  indirect  and  direct  testing  methods 
The  data  indicates  that  there  is  very  little  difference  between  the  data  derived  from  the  tests 
This  is  most  likely  due  to  the  fact  that  all  mixtures  are  behaving  in  a  similar  manner  at  this 
temperature  (-20°F  or  29°C).  This  leaves  no  real  basis  to  compare  the  tests  themselves.  In 
order  to  properly  assess  the  differences  between  the  tests,  there  would  need  to  be  differences 
from  mixture  to  mixture. 

Analysis  of  Aging  Sample  Test  Results 

Table  1  indicates  that  there  were  samples  prepared  for  constrained  specimen, 
indirect  tension,  and  direct  tension  testing  that  were  to  be  subjected  to  accelerated  oven 
aging  prior  to  testing. 

This  figure  indicated  that  three  samples  each  of  ACS,  AC5R,  and  AC5RE  were  to  be 
tested  using  the  constrained  specimen  method.  Unfortunately,  all  beam  samples  suffered 
some  sort  of  crumbling  of  the  cut  surface  during  the  aging  process.  Attempts  were  made  to 
cut  the  specimens  to  lengths  that  contained  no  damage,  however,  the  data  obtained  from 
these  efforts  was  unusable.  This  leads  to  the  conclusion  that  cut  beams,  in  particular  those 
containing  a  relatively  soft  base  asphalt,  will  tend  to  crumble  at  the  elevated  temperatures 
used  in  the  NCHRP  AAMAS  accelerated  aging  process.  It  should  be  noted  that  these 
problems  were  not  encountered  with  the  briquettes.  Therefore,  the  accelerated  aging  testing 
was  completed  on  the  aged  briquettes  with  no  problems  encountered. 

Table  1  indicates  that  three  samples  of  the  mixture  using  ACS  were  to  be  tested  at  0°F 
(-18°C)  utilizing  the  indirect  tension  test  method.  The  average  indirect  tensile  strength  from  this 
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testing  is  shown  along  side  the  unaged  ACS  test  results  in  Figure  15.  It  can  be  seen  from  this 
graph  that  there  is  approximately  a  twenty  five  percent  increase  in  indirect  tensile  strength  after 
the  oven  aging.  This  is  further  supported  by  the  low  coefficient  of  variation  for  this  testing 

(Table  13). 

Three  samples  of  mixture  using  the  AC5R  binder  were  also  tested  for  indirect  tensile 
strength  at  0°F  (-18°C).  The  average  indirect  tensile  strength  for  this  testing  is  shown  along 
side  the  unaged  test  results  in  Figure  16.  This  data  also  shows  an  increase  in  indirect  tensile 
strength  of  approximately  twenty  five  percent.  However,  this  data  showed  very  poor 
repeatability  (CV  of  40.4%).  Therefore,  it  is  hard  to  draw  any  tangible  conclusions. 

Figure  17  shows  the  average  indirect  tensile  strength  for  both  aged  and  unaged  samples 
of  mixture  using  AC5RE  for  all  three  temperatures  used  for  the  indirect  tension  testing. 
Inspection  of  this  figure  shows  that  for  both  the  34 °F  (1°C)  and  0°F  (-18°C)  testing 
temperatures,  there  is  approximately  a  seventy  percent  increase  in  tensile  strength  from  unaged 
to  aged  test  results.  Data  obtained  at  -20°F  (-29QC)  indicates  a  tensile  strength  increase  of 
approximately  thirty  five  percent.  It  is  hypothesized  that  at  the  two  warmer  testing  temperatures, 
the  asphalt-extender  phase  of  the  binder  system  is  absorbing  the  load,  and  not  the  rubber. 
Therefore  the  largest  increases  in  tensile  strength  are  noticed  at  these  temperatures  because  the 
extender  oil  and  the  light  ends  of  the  asphalt  cement  are  the  first  to  be  cooked  off  during  the 
aging  process.  At  -20°F  (-29°C)  the  rubber  phase  of  the  binder  system  is  absorbing  the  load, 
and  thereby  reducing  the  effects  of  the  asphalt-extender  phase  of  the  system.  This  reduction  in 
effect  leads  to  lower  increases  in  strength  due  to  aging. 


CONCLUSIONS 


Based  on  the  analysis  presented  in  this  paper,  the  following  conclusions  are  offered 

1.  Constrained  specimen  testing  yielded  approximately  equal  values  of  transition 
temperature,  fracture  temperature  and  peak  load  for  both  unmodified  mixtures  (ACS  and 
AC20).  This  could  be  due  to  the  inability  of  the  test  to  distinguish  these  properties  from 
asphalts  of  the  same  source. 

2.  Constrained  specimen  testing  indicated  that  mixtures  using  the  asphalt-rubber  ACS  binder 
produced  transition  and  fracture  temperatures  approximately  10°C  (18°F)  lower  than 
mixtures  using  the  unmodified  AC5. 

3.  Rubber  particles  swell  during  mixing  due  to  the  absorption  of  the  lighter  weight  particles 
of  the  asphalt  cement.  This  tends  to  leave  stiffer  base  asphalt  cements  with  only  the  heavier 
oils  and  resins.  This  could  result  in  an  increased  binder  viscosity  and  hence  mixture  stiffness. 
Mixtures  exhibiting  this  increase  in  stiffness  become  very  sensitive  to  any  non-homogeneity 
in  the  mixture.  This  sensitivity  results  in  increased  testing  variability  due  to  the  random  and 
not  always  uniform  distribution  of  the  rubber  particles  in  the  binder  system. 

4.  Softer  base  asphalts  should  be  used  in  rubber  modified  systems  for  low  temperature 
thermal  cracking  applications.  Preferably  one  that  will  provide  enough  light  ends  to  leave  a 
percentage  of  them  in  the  asphalt  cement  phase  of  the  binder  system. 

5.  Indirect  tension  testing  indicated  that  rubber  modified  mixtures  will  exhibit  more 
deformation  at  colder  temperatures  (i.e.  0°F  and  -20°F)  while  maintaining  strengths  similar 
to  unmodified  mixtures. 

6.  Cut  beam  specimens,  in  particular  those  containing  a  relatively  soft  base  asphalt,  will  tend 
to  crumble  at  the  elevated  temperatures  used  in  the  NCHRP  AAMAS  accelerated  aging 
process.  It  should  be  noted  that  these  problems  were  not  encountered  with  the  briquette 
specimens. 

7.  The  addition  of  rubber  to  mixtures  using  ACS  did  not  change  the  tensile  strength 
characteristics  of  the  mixture  with  aging.  Both  mixtures  exhibited  approximately  a  twenty 
five  percent  increase  in  indirect  tensile  strength  after  aging.  However,  it  should  be  noted  that 
the  aged  AC5R  mixture  tensile  strength  was  slightly  less  than  the  unaged  AC5  mixture. 
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Table  1:  Test  Matrix  for  Estimating  Thermal  Cracking  of  Modified  and  Unmodified  Mixtures 
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Total  of  99  samples  (X=3  samples  tested  unaged,  y=3  samples  tested  after  NCHRP  AAMAS  aging) 


Figure  1: 


Thermally  Induced  Stress  versus  Temperature  Relationship  for  Typical 
Asphalt  Concrete  Mixtures 

(After  Monismith  et  al,  1991) 


10 


400 


300 


Cu 


1 200 
"s 

c 

<u 

H 


100 


0 


5.0  -1.7  -&4  -15.0  -21.7  -28.4  -35.1  -41.8 

1.7  -5.0  -11.7  —18.4  -25.1  -31.7  -38.4 

Temperature  (C) 


Figure  2:  Average  Induced  Tensile  Stress  versus  Temperature  Relationship  for  AC5 
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Chapter  7 


Fatigue  of  Asphalt 
and 

Asphalt-Rubber  Concretes 


by 


R.A.  Jimenez 

Arizona  Transportation  and  Traffic  Institute 
College  of  Engineering  and  Mines 
The  University  of  Arizona 


Flexure  fatigue  tests  were  performed  on  paving  mixtures  of  asphalt  and  also  asphalt* 
rubber.  The  aggregate  type  and  gradation  were  selected  by  the  researchers  at  the  University  of 
Nevada,  Reno  (UNR)  and  the  binder  contents  were  established  by  both  UTSTR  and  the  Waterways 
Experiment  Station  of  the  Corps  of  Engineers  (WES). 

The  work  that  was  planned  for  the  fatigue  testing  followed  a  factorial  program  as 
indicated  below: 

a.  Mixture  4  level  (AC-5,  AC-5R,  AC-5RE,  and  AC -20) 

b.  Stress  3  levels 

c.  Temperature  3  levels 

d.  Replicate  3  levels 

Fatigue  stressing  was  given  with  a  device  called  a  ■deflectometer".  The  deflectometer 
consisted  of  two  units.  One  applied  forces  whose  magnitudes  and  frequencies  could  be  made 
to  vary  in  a  sinusoidal  fashion.  The  other,  a  reaction  unit,  held  a  17.5-inch  diameter  specimen 
about  its  periphery  and  gave  the  specimen  a  support  pressure  of  uniform  value  about  the  bottom 
surface.  The  specimen  was  loaded  over  a  circular  central  area  on  the  top  surface.  Loading  was 
continued  until  gages  gave  indication  that  cracks  had  developed  on  the  central  bottom  portion 
of  the  specimen.  Figure  1  shows  a  schematic  of  the  deflectometer  test  set-up. 
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Figure  1.  Schematic  of  the  Deflectometer  and  Its  Loading. 
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Results  of  the  testing  program  indicated  that  within  the  range  of  stresses  applied;  the 
following  was  found: 

a.  at  equivalent  stress  the  asphalt-rubber  mixtures  had  a  lower  fatigue  life  than  for 
the  asphalt  ones, 

b.  the  fatigue  curves  for  the  asphalt- rubber  mixtures  at  40° F  were  similar  to  the 
fatigue  curve  at  77 °F  for  the  AC-5  mixture;  a  somewhat  similar  comparison  can 
be  made  for  temperatures  of  23 °F  for  asphalt-rubber  and  40°F  for  AC-5  (Figure 
2). 

c.  the  crack  patterns  developed  for  the  asphalt  only  mixtures  were  that  of 
alligatoring;  however,  the  ones  for  the  asphalt-rubber  were  not  of  the  ailigatoring 
type  but  of  the  type  that  have  corresponded  to  over-asphalted  mixtures. 
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Figure  2.  Fatigue  Curves  for  Various  Temperatures  for  AC-5  and  AC-5R 


The  main  conclusions  made  are  as  follows: 

1.  The  present  method  of  the  deflectometer  test  may  have  to  be  modified  for  asphalt- 
rubber  mixtures. 

2.  The  fatigue  curves  for  the  asphalt-rubber  mixtures  were  less  temperature 
susceptible  than  those  for  the  asphalt  only  mixtures. 

3.  The  crack  pattern  found  for  the  asphalt-rubber  specimens  indicated  the  mixtures 
had  a  too  high  binder  content.  A  better  fatigue  characteristic  would  have  been 
found  at  a  lower  binder  content. 
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ASPHALT-RUBBER  O PEN-GRADED  FRICTION  COURSE 


BACKGROUND 


An  open-graded  friction  course  (OGF:C)  is  a  relatively  thin  asphaltic  pavement 
surfacing  containing  approximately  20  to  30  percent  air  voids.  A  properly  functioning 
OGFC  will  absorb  rain  water  and  provide  a  drainage  layer  for  this  water  to  be  carried  out 
to  the  pavement  shoulder.  This  function  significantly  enhances  user  safety  by  eliminating 
automobile  hydroplaning  and  increasing  overall  wet  weather  traction.  When  the  pavement 
is  dry,  the  internal  air  voids  absorb  a  significant  amount  of  road  noise  caused  by  the 
tire/pavement  contact,  which  reduces  noise  pollution  in  areas  surrounding  heavily 
trafficked  pavements.  Besides  providing  these  and  other  benefits,  a  typical  OGFC  is  a 
relatively  inexpensive  surfacing  material  in  comparison  with  other  asphaltic  materials. 

The  use  of  open-graded  friction  courses  has  never  been  widespread  in  the  United 
States  because  of  its  reputed  lack  of  durability.  A  considerable  amount  of  premature 
failures  have  occurred  in  OGFC  field  applications  throughout  the  years  to  support  this 
reputation  (3,4).  In  most  instances,  these  failures  have  involved  raveling,  stripping  and/or 
various  types  of  cracking.  Not  only  are  most  of  the  fail'  es  involving  OGFC’s  premature, 
but  they  tend  to  accelerate  rapidly,  requiring  immediate  maintenance  or  complete  removal. 
When  designed  and  constructed  properly,  an  OGFC  delivers  significant  benefits  to  the 
pavement  user.  When  designed  or  constructed  improperly,  the  consequences  can  be 
catastrophic. 

In  a  typical  dense-graded  asphalt  concrete  system,  there  exists  a  proportionate  amount 
of  fine  aggregates  which  provide  structural  support  to  the  load  bearing  larger  stones  of 
the  mix.  There  are  very  few  of  these  fine  aggregates  in  the  typical  open-graded  friction 
course  gradation.  Due  to  the  lack  of  fine  aggregates,  the  binder  plays  a  more  important 
role  in  keeping  the  mixture  intact.  Therefore,  the  effects  of  a  poor  binder  are  much  more 
detrimental  to  a  OGFC  than  to  a  typical  dense-graded  asphalt  mixture.  Likewise,  the  key 
to  a  better  OGFC  many  times  lies  in  using  a  better  binder. 

Because  of  the  open  void  structure,  the  OGFC  binder  is  exposed  to  harmful  effects  of 
the  environment  throughout  the  thickness  of  the  OGFC  layer.  Exposure  to  direct 
oxidation,  water  stripping  and  freeze-thaw  cycles  are  problems  associated  with  OGFC 
binders.  These  conditions  lead  to  weathered,  brittle  binders  which  cause  the  OGFC  to 
rapidly  deteriorate.  A  thicker  film  of  binder  on  the  aggregates  is  an  obvious  approach  to 
combat  many  of  these  hazards,  but  this  approach  is  limited  by  the  associated  problems  of 
excess  binder  drain  off  during  construction  which  closes  the  void  structure  and  reduces 
the  water  draining  capabilities  of  the  OGFC. 
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Asphalt-rubber  binders  have  several  material  properties  which  make  them  attractive 
for  OGFC  applications.  Asphalt-rubber  remains  highly  viscous  in  the  typical  OGFC  mix 
temperature  range  and  therefore  should  allow  a  thicker  film  of  binder  without  detrimental 
binder  drain  off  problems.  Asphalt- rubber  is  more  elastic  at  low  temperatures  in 
comparison  with  traditional  asphalt  cements  and  therefore  should  be  less  susceptible  to 
low  temperature  cracking  and  freeze-thaw  damage.  Asphalt- rubber  binders  are  more 
oxidation  resistant  because  of  the  antioxidants  and  carbon  black  materials  in  the  rubber. 
Finally,  the  use  of  asphalt-rubber  binders  is  attractive  from  an  environmental  standpoint 
since  it  uses  a  waste  product  (discarded  automobile  and  truck  tires)  as  a  raw  material. 

OBJECTIVE 

The  objective  of  this  research  was  to  determine  the  potential  benefits  of  asphalt-rubber 
binders  when  used  in  open-graded  friction  courses  and  to  recommend  the  asphalt-rubber 
types  and  mix  design  procedure  required  to  achieve  optimum  field  performance. 

SCOPE 

Standard  OGFC  mix  designs  were  conducted  using  varying  binder  contents  and  mix 
temperatures.  An  analysis  of  the  effects  of  these  mix  design  variables  on  the  resulting 
voids  criteria  was  used  to  determine  the  proper  mix  design  procedure  for  asphalt-rubber 
OGFC  mixtures.  Additional  tests  conducted  on  the  varying  types  of  OGFC  mixtures 
included: 

Binder  Drain  Off  Tests 
Permeability  Tests 
Stripping  (Water  Sensitivity)  Tests 
ASTM  Soak  Test 

Texas  Boiling  Test  Porewater  Pressure  Debonding  Test 

TEST  METHODS 


A  number  of  open-graded  mixture  tests  were  conducted  during  this  study.  A  single 
aggregate  source  and  gradation  w-ere  used  in  order  to  isolate  the  binder  effects. 
Laboratory  tests  for  evaluating  open-graded  asphalt  mixtures  are  not  very  common  and 
a  great  deal  of  research  into  the  literature  was  necessary  to  find  a  group  of  tests  suitable 
for  this  study. 


Mix  Designs 

The  most  common  approach  in  designing  open-graded  asphalt  mixtures  is  to  estimate 
the  optimum  binder  content  by  conducting  the  Centrifuge  Kerosene  Equivalency  (CKE) 
test  on  the  proposed  job  aggregate.  The  Federal  Highway  Administration  (5)  and  the 
U.S.  Army  Corps  of  Engineers  (6)  both  recommend  this  design  procedure  in  their 
respective  current  OGFC  mix  design  guidance,  The  CKE  test  is  described  by  Test  Method 
California  No.  303-F  and  is  a  measure  of  the  test  aggregate’s  surface  area  and  absorption. 


The  binder  content  derived  from  this  test  along  with  an  aggregate  source  and  gradation 
with  a  suitable  performance  history  are  historically  the  only  two  open-graded  mixture 
design  criteria  used. 

Some  open-graded  mixture  researchers  have  claimed  that  binder  contents  much  higher 
than  the  CKE  derived  values  are  allowable  with  asphalt-rubber  binders  (7,8,3).  To 
validate  this  claim  and  to  determine  the  limits  of  higher  binder  contents,  a  series  of  mix 
designs  was  conducted  for  each  test  binder.  Six  inch  diameter  by  two  inch  thick 
specimens  were  compacted  with  the  Marshall  hand  hammer  compactor  using  25  blows  on 
one  side  of  the  specimen.  This  compactive  effort  has  been  found  to  correlate  with  field 
densities  of  normally  constructed  open-graded  mixtures  (9,10).  The  resulting  open-graded 
mixture  specimens  were  weighed  in  air  and  in  water  to  determine  physical  properties  such 
as  void  content  and  density.  Changes  in  these  physical  properties  in  relation  to  the  binder 
type  and  binder  content  were  used  to  determine  the  proper  mix  design  method  for 
open-graded  mixtures  containing  asphalt-rubber. 

Binder  Drain  Off 

When  open-graded  asphalt  mixtures  are  produced  at  the  plant,  excess  mix  temperatures 
or  binder  contents  can  cause  the  binder  to  drain  off  of  the  mixture  while  in  the  haul 
trucks.  This  causes  serious  problems  at  the  job  site  since  some  of  the  mixture  will  be 
undercoated  with  binder  while  other  areas  will  be  oversaturated  with  binder,  depending  on 
whether  the  mixture  came  from  the  top  or  bottom  of  the  haul  truck.  These  potential 
problems  can  be  difficult  to  control  when  using  normal  asphalt  cements  since  the  optimum 
mixing  temperature  and  binder  contents  are  usually  not  far  below  the  levels  which  cause 
excess  binder  drainage  problems.  To  address  this  problem,  laboratory  binder  drain  off 
tests  were  conducted  under  various  conditions  of  temperature  and  binder  content. 

The  binder  drain  off  test  was  devised  during  past  research  studies  at  WES  (10).  The 
test  method  begins  by  preparing  a  300  gram  sample  of  the  open-graded  mixture  for  each 
binder  content.  The  samples  are  mixed  and  tested  at  the  same  selected  temperature. 
Once  the  binder  and  aggregates  are  mixed  thoroughly,  each  sample  is  spread  evenly  over 
the  center  area  (approximately  6  inches  in  diameter)  of  a  1  foot  square  glass  plate.  Each 
sample  plate  is  properly  labeled  and  placed  in  an  oven  preheated  to  the  appropriate  test 
temperature.  The  samples  are  removed  from  the  oven  after  two  hours  and  allowed  to  cool 
to  room  temperature.  Once  cooled,  the  amount  of  drainage  to  the  bottom  of  the  glass  plate 
is  observed  to  determine  the  percentage  of  the  6-inch  diameter  center  area  covered  with 
drained  binder.  This  visually  determined  percent  drainage  value  (in  increments  of  10 
percent)  is  recorded  as  the  test  result.  During  the  WES  research  study  previously 
mentioned  (10),  White  used  field  evaluations  of  17  OGFC  pavements  and  an  extensive 
laboratory  study  to  determine  that  50  percent  drainage  by  this  test  is  a  reasonable  limit  to 
prevent  detrimental  binder  drainage  during  mixing  and  construction. 
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Permeability 


A  laboratory  permeability  test,  which  was  devised  during  previous  research  at  WHS 
on  porous  friction  courses  (10),  was  conducted  on  open-graded  mixture  samples  containing 
the  various  test  binders.  The  test  involves  a  time  measurement  of  the  flow  rate  for  a  known 
volume  of  water  to  pass  through  a  representative  sample  of  compacted,  open-graded 
mixture.  The  test  sample  consists  of  6  inch  diameter  specimens  made  of  approximately  2  inch 
thick  compacted  dense-graded  asphalt  mixture  topped  with  a  3/4  inch  thick  OGFC  layer.  The 
dense-graded  mixture  is  compacted  first  and  merely  acts  as  a  base  for  the  OGFC  layer.  The 
OGFC  layer  is  compacted  on  top  of  the  dense-graded  base  using  10  blows  of  the  Marshall 
hand  hammer,  resulting  in  a  thickness  and  density  representative  of  typical  field  conditions 

A  4  inch  diameter  clear  plastic  standpipe  is  used  to  hold  a  measurable  head  of  water 
on  top  of  the  test  samples.  Before  testing,  a  rubber  O-ring  is  placed  between  the  standpipe 
and  the  surface  of  the  sample.  A  100  pound  surcharge  load  is  applied  to  the  standpipe  to 
restrict  surface  drainage  and  to  force  most  of  the  water  to  flow  into  the  3/4  inch  OGFC  layer. 
Once  the  standpipe  has  been  positioned  and  loaded,  water  is  introduced  by  pump  into  the 
standpipe  to  a  level  above  the  10  inch  mark  on  the  side  of  the  standpipe.  Addition  of  water  is 
then  stopped,  and  the  time  to  fall  from  the  10  to  5  inch  level  is  measured  with  a  stopwatch. 
This  test  is  repeated  three  times  and  the  average  of  the  values  is  computed.  The  permeability 
is  determined  from  the  relation  Q  =  VA.  Thus,  for  the  5  inch  falling  head  of  this  test,  the 
permeability  (Q)  in  milliliters  per  minute  is  equal  to  15,436.8  divided  by  the  time  to  fall  in 
seconds.  Higher  permeability  values  reflect  a  more  effective  PFC  in  wet  weather  conditions. 
A  reasonable  lower  limit  of  permeability  for  newly  constructed  OGFC  pavements  is  1000 
ml/min. 


Stripping 

To  complete  the  open-graded  mixture  laboratory  analysis,  three  different  stripping 
tests  were  conducted  on  each  test  binder.  Stripping  relates  to  the  separation  of  binder  and 
aggregate  in  the  presence  of  water,  and  this  phenomenon  is  one  of  the  main  causes  of  open- 
graded  friction  course  pavement  failure.  The  three  tests  used  in  this  study  were  the  ASTM 
D1664  “Standard  Test  Method  for  Coating  and  Stripping  of  Bitumen-Aggregate  Mixtures” 
(2),  the  Texas  Boiling  Test,  and  the  Porewater  Pressure  Debonding  Test. 

The  ASTM  D1664  stripping  test  is  generally  used  to  measure  the  compatibility 
between  the  binder  and  the  aggregate  in  the  presence  of  water,  and  is  known  to  identify 
only  those  mixtures  with  extremely  serious  stripping  potential.  The  test  procedure  begins 
with  coating  a  representative  100  gram  sample  of  aggregates  with  the  binder  at  the  mix 
temperature  appropriate  for  the  given  binder.  After  coating,  the  mixture  is  allowed  to 
cool  to  room  temperature.  The  coated  aggregate  is  then  transferred  to  a  600-ml  glass 
container  and  immediately  covered  with  approximately  400-mi  of  distilled  water  at  room 
temperature.  The  coated  aggregate  remains  immersed  in  the  water  for  16  to  18  hours. 
After  this  time,  the  water  covered  specimen  is  illuminated  by  a  shaded  lamp  and  a  visual 
determination  of  the  aggregate  surface  area  which  remains  coated  is  made.  The  test 


result  is  recorded  as  either  pass  (above  95%  binder  retention)  or  fail  (below  95%  binder 
retention). 

The  Texas  Boiling  Test  was  conducted  on  each  of  the  six  test  binders  as  an  additional 
stripping  test.  The  Texas  Boiling  Test  measures  stripping  potential  of  an 
asphalt-aggregate  mixture  in  a  manner  similar  to  the  ASTM  method,  except  that  the 
sample  is  soaked  in  boiling  water.  The  test  method  is  described  in  detail  in  the  literature 
(11),  but  can  be  summarized  as  follows:  A  300  gram  sample  of  representative  aggregates 
is  coated  with  (he  appropriate  amount  of  binder  at  the  appropriate  mix  temperature.  The 
resulting  mixture  is  transferred  to  a  piece  of  aluminum  foil  and  allowed  to  cool  to  room 
temperature  for  two  hours.  Once  cooled,  the  mixture  is  added  to  a  1000  ml  beaker 
containing  500  ml  of  boiling  distilled  water.  The  water  is  maintained  at  a  medium  boil 
for  10  minutes,  and  the  mixture  is  stirred  with  a  glass  rod  during  this  time.  During  and 
after  boiling,  any  stripping  binder  is  removed  from  the  water  by  skimming  with  a  paper 
towel.  After  10  minutes  of  boiling,  the  beaker  is  removed  from  the  heat  source  and 
allowed  to  cool  to  room  temperature.  The  water  is  then  drained  from  the  beaker  and  the 
wet  mix  is  emptied  onto  a  paper  towel  to  dry.  After  drying  for  one  day,  the  percentage 
of  binder  retained  after  boiling  is  visually  determined  and  this  percent  retention  value  is 
recorded  as  the  test  result. 

The  final  stripping  test  conducted  on  the  open-graded  test  mixtures  was  the  Porewater 
Pressure  Debonding  Test.  This  test  was  developed  at  the  University  of  Arizona  by  Dr. 
Rudy  A.  Jiminez,  and  is  described  in  at  least  two  literature  references  (12,13).  The 
laboratory  equipment  is  used  to  simulate  the  cycles  of  porewater  pressure  imposed  on 
OGFC  pavements  by  traffic  tires  when  the  OGFC  is  saturated  with  water  and  certain 
conditions  exist  within  the  pore  structure.  At  least  a  small  percentage  of  OGFC  pore 
spaces  are  isolated  enough  from  other  pore  spaces  to  develop  pore  pressures  in  the  right 
cond'tions.  The  number  of  isolated  pore  spaces  is  known  to  increase  when  accumulations 
of  the  tire  rubber  dust,  silts,  deicing  materials,  or  other  contaminants  settle  into  the  pore 
spaces  of  an  OGFC  over  time. 

The  Porewater  Pressure  Debonding  Test  method  involves  exposing  the  test  samples 
to  repeated  cycles  of  porewater  pressure  and  then  measuring  the  tensile  strength  of  these 
samples.  These  strength  values  are  used  with  the  strength  values  of  control  samples 
which  do  not  undergo  porewater  pressure  exposure  to  obtain  a  percent  retained  strength. 
Higher  percent  retained  strength  values  indicate  that  a  given  binder  and  open-graded 
mixture  is  less  sensitive  to  degradation  damage  resulting  from  traffic  in  wet  conditions. 

For  Porewater  Pressure  testing,  six  inch  diameter  by  2  inch  thick  specimens  of 
open-graded  mixtures  were  first  compacted  to  meet  the  optimum  density  and  void 
conditions  determined  previously  in  the  mix  design  tests.  Three  of  the  specimens  are 
placed  on  a  3-shelf  carriage  which  is  then  placed  into  a  stressing  chamber.  The  chamber 
is  filled  with  122°F  water  and  the  specimens  are  allowed  to  soak  in  this  condition  for  40 
minutes.  At  this  time,  20  inches  of  mercury  vacuum  is  pulled  on  the  stressing  chamber 
and  held  for  five  minutes  in  order  to  completely  saturate  the  specimens.  After  five 
minutes  of  vacuum  pressure,  the  vacuum  is  released  and  more  hot  water  is  added  to 
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displace  all  air  from  the  stressing  chamber.  Next,  1000  cycles  of  water  pressures  varying 
from  5  to  30  psi  are  applied  to  the  chamber,  whicn  takes  approximately  10  minutes  to 
complete.  The  water  is  then  drained  from  the  chamber  and  the  specimens  are  removed. 
The  specimens  are  cooled  at  ambient  temperature  for  10  minutes  and  then  placed  in  a  77T 
water  bath  for  one  hour.  Finally,  the  sample  is  removed  from  the  water  bath  and  the  "wet 
strength"  of  the  sample  is  obtained  using  a  built-in  double  punch  tensile  test.  This  same 
tensile  strength  test  is  used  to  obtain  the  "dry  strength"  of  three  control  specimens  which 
are  conditioned  by  sealing  them  in  plastic  bags  and  placing  diem  in  the  same  77°F  water 
bath  for  one  hour.  The-  wet  strength  is  divided  by  the  dry  strength  and  the  ratio  is 
expressed  as  a  percent  retained  strength. 

SUMMARY  OF  TEST  RESULTS 

The  tests  conducted  to  determine  optimum  binder  contents  resulted  in  a  6.6  percent 
optimum  for  the  asphalt  cement  samples  and  an  8.0  percent  optimum  for  the  asphalt-rubber 
samples.  The  results  of  the  mix  design  analysis  are  listed  in  Table  3.  These  results 
indicated  that  asphalt-rubber  binders  provide  higher  void  contents  (thus  higher  water 
carrying  capacities),  even  at  higher  binder  contents.  These  tests  also  indicated  that  the 
field  densities  may  be  higher  for  asphalt-rubber  open-graded  friction  courses. 

TABLE  3 

OPEN-GRADED  MIX  DESIGN  DATA 


Binder 

Binder 
Content  (%) 

Total 
Voids  (%) 

Voids 
Filled  (%) 

Unit 

Weight  (pcf) 

6.6 

22.0 

43.6 

119.0 

AC-S 

7.6 

20.8 

45.4 

116.7 

8.6 

17.2 

50.3 

113.6 

6.6 

24.9 

36.7 

115.2 

AC-20 

7.6 

22 . 2 

42 . 1 

117.1 

8.6 

19.3 

46.8 

120.4 

6.6 

26.2 

32.0 

13  5.6 

AC-40 

7.6 

22.9 

36.2 

118.2 

8.6 

20.0 

43.5 

120.9 

6.6 

26.0 

31.8 

115.2 

AC- 5 RE 

7.6 

24.5 

36.2 

117.8 

8.6 

23.8 

39.3 

120.3 

6.6 

26.3 

31.2 

117.1 

AC-5R 

7.6 

25.7 

32.2 

119.2 

8.6 

25.0 

36.4 

121.8 

6.6 

27 . 3 

30.0 

117.5 

AC-20R 

7.6 

26.9 

30.9 

119.8 

8.6 

26.0 

31.7 

122.8 

The  binder  drain  off  test  results  (Table  4)  identified  a  significant  advantage  offered  by 
asphalt-rubber  binders  in  that  they  are  much  less  susceptible  to  detrimental  binder 
drainage,  even  at  higher  mixing  temperatures.  The  permeability  test  results  (Table  5) 
supported  the  indications  of  the  voids  measurements  made  in  the  mix  design  analysis  as 
the  asphalt-rubber  samples  had  substantially  higher  permeabilities. 
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The  resu'n  if  the  three  stripping  tests  are  listed  m  Fable  t>  The  First  stripping  test, 
which  was  specified  by  ASTM,  merely  confirmed  that  the  aggregates  being  used  did  not 
have  a  serious  stripping  potential.  The  second  stripping  test,  known  as  the  Texas  Boding 
Test,  indicated  slight  to  moderate  improvement'  m  stripping  resistance  for  the  asphalt- 
rubber  binders.  The  final  stripping  cst,  known  as  the  i'orew  a  ter  Pressure  Debond  mg 
Test,  indicated  that  the  two  asphalt- rubber  binders  without  extender  oil  provided 
outstanding  resistance  to  the  stripping  effects  of  pot e water  pressures.  The  asphalt-rubber 
binder  with  extender  oil  rated  moderately  lower  along  with  the  other  lest  samples  in  this 
stripping  test. 


TABLE  4 

BINDER  DRAIN  OFF  TEST  RESULTS 


_ _ _ Percent  Drainage  _ 

Percent 

Binder  Binder  250. F  2?S_'F  300_'F  3  2  SF 


6.6 

1  A 

30 

70 

AC- 5 

7 . 6 

60 

60 

80 

8,6 

70 

80 

90 

6.6 

20 

30 

30 

AC-20 

7 . 6 

50 

50 

SO 

8.6 

7  n 

70 

6 . 6 

30 

.0 

SO 

AC-40 

7 . 6 

50 

.  7 

60 

8.6 

60 

60 

Li 

6 . 6 

10 

10 

10 

7 . 6 

10 

10 

10 

8.6 

20 

20 

20 

AC- 5 RE 

8.0 

10 

20 

9.0 

10 

20 

10.0 

20 

40 

6.6 

0 

10 

10 

7 . 6 

0 

10 

10 

8.6 

0 

20 

20 

AC-5R 

3 . 0 

10 

20 

9.0 

10 

30 

10.0 

10 

30 

6.6 

0 

10 

7 . 6 

0 

10 

8.6 

0 

30 

AC-20R 

8 . 0 

10 

10 

9.0 

10 

10 

10.0 

30 

30 
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TABLE  5 


PERMEABILITY  TEST  RESULTS 


PERCENT 

BINDER 

PERMEABILITY 

BINDER 

(raL/'min) 

6.6 

4540 

AC-S 

7 . 6 

3356 

8.6 

3284 

6 . 6 

5717 

AC-20 

7.6 

3284 

8.6 

2490 

6.6 

7017 

AC-40 

7.6 

6712 

8.6 

5323 

8.0 

4980 

AC-5RE 

9.0 

3958 

10.0 

3958 

8.0 

7017 

AC-5R 

9.0 

5937 

10.0 

5146 

8.0 

7351 

AC-20R 

9.0 

6712 

10.0 

6432 

TABLE  6 

STRIPPING  TEST  RESULTS 


BINDER 

ASTM 

(95%  Binder 
Retention) 

TEXAS  BOILING 
(%  Binder 
Retention ) 

POREWATER  PRESS. 

(%  Tensile  Str. 
Retention) 

AC-5 

PASS 

60 

89 

AC- 20 

PASS 

70 

79 

AC-40 

PASS 

70 

85 

AC-5RE 

PASS 

75 

85 

AC-5R 

PASS 

80 

98 

AC-20R 

PASS 

90 

99 
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CONCLUSIONS 


1.  The  current  method  of  determining  optimum  binder  contents  for  open-graded 
friction  courses  was  modified  to  allow  for  higher  binder  contents  when  using 
asphalt- rubber  binders.  This  modified  method  resulted  in  an  optimum  binder 
content  for  the  asphalt-rubber  mixtures  which  was  1.4  percent  higher  than  the 
optimum  derived  for  the  asphalt  cement  binders.  Both  of  these  optimum  binder 
contents  were  verifed  by  the  remaining  mix  tests. 

2.  Open-graded  mixture  samples  made  with  asphalt-rubber  binders  had  void  contents 
about  3  to  8  percent  higher  than  their  asphalt  cement  counterparts,  depending  upon 
the  binder  content  used.  The  percent  voids  filled  with  binder  was  reduced  and  the 
unit  weight  was  increased  by  the  addition  of  reclaimed  rubber  in  open-graded 
asphalt  mixtures. 

3.  Binder  drainage  at  typical  asphalt  plant  mixing  temperatures  was  significantly- 
reduced  by  the  addition  of  reclaimed  rubber  to  the  asphalt  cement.  This  means 
that  asphalt- rubber  porous  friction  course  mixtures  can  be  ,  roduced  at  higher 
temperatures,  thereby  allowing  construction  to  occur  in  colder  climates. 

4.  The  permeability  of  an  open-graded  friction  course  is  increased  when  using  asphalt- 
rubber  binders,  making  the  asphalt-rubber  open-graded  friction  course  more 
effective  in  draining  rainwater. 

5.  Stripping  of  the  binder  from  aggregates  caused  by  the  presence  of  water  and 
porewater  pressures  was  reduced  for  the  asphalt-rubber  test  samples.  One  of  the 
stripping  tests  indicated  that  the  AC-5RE  binder  did  not  enhance  stripping 
resistance,  however. 

6.  All  laboratory  test  results  indicated  that  asphalt-rubber  open-graded  friction 
courses  w'ould  be  more  durable,  longer  lasting,  and  better  w-ater  draining  pavement 
layers  when  compared  with  unmodified  asphalt  cement  open-graded  friction 
courses.  These  pavement  performance  improvements  are  due  to  the  inherent 
physical  and  chemical  properties  of  the  asphalt-rubber  binders  and  to  the  fact  that 
a  thicker  binder  film  thickness  on  the  aggregate  can  be  achieved  with  the  asphalt- 
rubber.  The  addition  of  extender  oil  to  the  AC-5  asphalt  and  rubber  blend  seemed 
to  detrimentally  affect  some  of  the  test  results,  however. 
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Based  on  the  conclusion^  derived  from  the  results  of  this  laboratory'  study,  the  following 
recommendations  are  made: 

1.  Asphalt-rubber  binders  should  be  used  in  open-graded  friction  courses  to  achieve  any  or 
all  of  the  following  pavement  performance  improvements: 

a.  Increased  permeability  for  improved  water  draining  capabilities 

b.  Reduced  binder  drainage  at  high  plant  mixing  and  hauling  temperatures 

c.  Reduced  stripping  potential 

2.  The  generalized  mix  design  method  found  in  the  Appendix  of  the  Volume  II  Technical 
Report  related  to  this  study  should  be  used  when  designing  asphalt-rubber  open-graded 
friction  courses  in  the  future. 
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